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ABSTRACT 
OPTIMIZATION OF VEGETATIVE FILTER STRIPS FOR MITIGATION OF 
RUNOFF FROM GOLF TURF 
FEBRUARY 2018 
BARBARA A. DEFLORIO, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor John M. Clark 
Many pesticides are listed as possible or probable human carcinogens, leading to 
a public concern over their environmental impact. Vegetative filter strips (VFS) have 
been developed to intercept runoff water and prevent pesticides from contaminating 
surface and ground water.  
The first half of this project identified five plants (big blue stem, blue flag iris, 
eastern gama grass, prairie cord grass and wool grass) that best removed pesticides from 
contaminated soil. The current study evaluated four treatment groups: the five selected 
plant species arranged (1) randomly, (2) in a succession from short (upslope) to tall 
(downslope), (3) turfgrass cut to three heights from short (upslope) to tall (downslope) 
and (4) unvegetated (UVFS), in an effort to optimize vegetative filter strips to reduce the 
movement of pesticides contained in runoff from turfgrass environments.  
Simulated rainfall was applied to 12 VFS (0.91 m x 4.6 m x 1.83 m), each with a 
5% slope. The VFS were used to evaluate the effect of three vegetated treatments on the 
effectiveness of VFS for mitigation of pesticide-contaminated runoff from treated turf. 
   
v 
For the runon simulation, five pesticides (chlorothalonil, chlorpyrifos, imidacloprid, 
pendimethalin, and propiconazole) were added at 5% their maximum application rate for 
turfgrass to a nurse tank containing the amount of runoff expected to occur from an uphill 
turf plot (5.5 m2) during either a 1- (6.1 cm) or 5-yr (9.65 cm) rain event. Runoff samples 
were collected at the downhill base (bottom) of each VFS and analyzed for pesticides to 
determine the effectiveness of VFS at mitigating runoff water and the pesticides 
contained. Soil core and soil pore water samples were taken periodically post-application. 
All samples were analyzed for applied pesticides and quantified by GC/MS and 
LC/MS/MS.  
 All vegetated treatments were more effective in decreasing the runoff volume and 
the associated pesticide concentration when compared with UVFS, with turfgrass being 
the most effective of the three treatments.  
 This research validates the use of VFS in slowing the flow of runon water 
significantly enough for it to infiltrate into the soil, instead of leaving the VFS as runoff. 
VFS are already suggested as a best management practice to prevent pesticides from 
leaving many agricultural sites treated with pesticides, but this research suggests their 
widespread use on golf courses, parks, athletic fields and home lawns could greatly 
reduce the amount of pesticides in runoff waters from turf environments and help keep 
our waterways clean.  
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CHAPTER 1 
INTRODUCTION 
The use of pesticides has resulted in a range of benefits, including increased food 
production and a decrease in insect borne diseases (Ryberg et al., 2010). In 2001, an 
estimated 404 million kilograms of active ingredients (307 million kilograms in the 
agriculture sector and 97 million kilograms in nonagricultural sector) of conventional 
pesticides (insecticides, herbicides and fungicides) were used in the United States (U.S.) 
(Kiely et al., 2004, King and Balogh, 2010). Some of these chemicals are listed as either 
probable or possible human carcinogens, thus their presence in surface and ground waters 
is likely a potential health risk as is pesticide exposure through contaminated food 
sources (Krutz et al., 2005). 
Although the agricultural sector is the predominant user of pesticides in the 
United States, turfgrass is typically the most intensely managed biotic/plant system (Lee 
et al., 2000). Further, application rates to turfgrass are usually the same as or higher than 
those in corresponding agricultural crops (Ambrust and Peeler, 2002; Lee et al., 2000). In 
addition to golf courses, turfgrass pesticides are also applied to lawns at recreation 
facilities and residential properties to develop aesthetic qualities (King and Balogh, 
2010). Residential use may be more prone to contaminate surface waters as many 
residential lawns are located in close proximity to streets, sidewalks and storm drains, 
which usually drain into the nearest aquatic ecosystem (Armbrust and Peeler, 2002).  
Comprehensive assessments of water quality in the United States have been 
conducted by the United States Geological Service (USGS) and National Water Quality 
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Assessment (NWQA) Program. Those surveys found pesticides prevalent in surface 
waters across the United States (Armbrust and Peeler, 2002; Haith and Rossi, 2003; King 
and Balogh, 2010; Ryberg et al., 2008) with 97% of the stream water samples collected 
from agricultural or urban watersheds containing at least one of 75 screened pesticides. In 
some instances, the pesticide concentrations exceeded water quality standards for aquatic 
and/or terrestrial wildlife (King and Balogh, 2010). Similar monitoring studies conducted 
at or near golf courses have found pesticides in surface waters, including some that 
exceeded the maximum allowable limit for the protection of aquatic species (Haith and 
Rossi, 2003).  
Ideally, all of the fertilizer and pesticides applied to turf environments would be 
taken up by the plant. Sudden heavy rains or irrigation, however, can cause nutrient and 
pesticides dissolved in runoff water or absorbed to sediment to be carried from treated 
areas into local waterways (Moss et al., 2006; USGA, 2000). Rainfall can reduce the 
efficacy of pesticides by decreasing their availability for target uptake through loss of 
pesticides into runoff (Lee et al., 2000). Pesticides can also be transported in surface 
runoff while adsorbed to sediment, contributing to deterioration of water quality (Liu et 
al., 2008). In particular, field experiments have established that pesticide runoff losses 
can be substantial when large irrigation or precipitation events follow recent chemical 
applications (Haith and Rossi, 2003).  
Public concerns over turfgrass management and its impacts on the environment 
demand strategies be developed and implemented to mitigate the potentially harmful 
effects of runoff from turf environments (Moss et al., 2006). A management practice that 
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can be used to intercept runoff water and prevent pesticides from contaminating surface 
and ground water is the use of vegetative filter strips (VFS).  
Haith and Rossi (2003) utilized the TurfPQ model, designed specifically for 
turfgrass, to simulate runoff of 15 pesticides commonly applied to golf course greens and 
fairways in the Northeast United States. They simulated runoff events for three locations 
(Boston, MA; Philadelphia, PA; and Rochester, NY) using 100-yr records of daily 
precipitation and temperature specific to each city. Their study had three objectives: (1) 
determine the relative runoff susceptibility of pesticides labeled for golf course use in the 
United States, (2) assess the pollution hazards of runoff by comparing pesticide 
concentrations in runoff to levels shown to be hazardous to aquatic life, and (3) evaluate 
the importance of regional variations in weather patterns on pesticide runoff load and 
concentrations. They found runoff losses of pesticides applied to turfgrass to be relatively 
small. Mean annual pesticide loads did not exceed 3% of annual applications for any site, 
and most losses were substantially below 1% of applied pesticide. Even at low levels, 
however, the concentration in the runoff approached or exceeded the LC50 value for some 
aquatic species. 
In an updated study, Haith (2011) used the TurfPQ model to determine daily 
pesticide runoff loads of 37 out of the 40 pesticides registered for use on lawns and golf 
courses in United States as of October 2009. In addition to increasing the number of 
pesticides used in the simulation, Haith also included 100-yr weather records for 9 
different regions of the United States, rather than focusing only on the Northeast climate. 
The model determined runoff losses to be relatively small, averaging 0.4% of total 
pesticide applied. Fungicide loads generally exceeded those from herbicides and 
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insecticides, which Haith suggested was primarily because of the greater application rates 
and/or application frequencies.  
VFS are a best management practice (BMP) recommended by the United States 
Department of Agriculture (USDA)-Natural Resources Conservation Service (NRCS) for 
reducing non-point source pollution (Krutz et al., 2005). VFS are areas of dense 
vegetation purposely planted between pesticide-treated land and a local body of water as 
a means to control non-point source pollution (Dillaha et al., 1988; Liu et al., 2008; 
Muñoz-Carpena et al., 1999; Muñoz-Carpena  et al., 2006; Sabbagh et al., 2009; White et 
al., 2009). Because of their low installation and maintenance costs, and perceived 
effectiveness in removing chemical pollutants, the use of VFS have been encouraged by 
conservation and regulatory agencies (Dillaha et al., 1988). For example, the USDA has 
approved the use of VFS as a cost-share practice under the Conservation Reserve 
Program as part of the Security Act since 1988 (Abu-Zreig et al., 2004). 
The major pollutant removal mechanisms associated with VFS involve changes in 
flow hydraulics that enhance the opportunity for runoff and pollutants to infiltrate into the 
soil profile, deposition of total suspended solids, filtration of suspended sediment by 
vegetation, adsorption on soil and plant surfaces, and absorption of soluble pollutants by 
plants (Dillaha, 1988). VFS reduce pesticide movement to surface waters by reducing 
runoff volumes through increased infiltration into the soil profile, thereby increasing 
contact between dissolved phase pesticide with soil and vegetation, and/or by reducing 
flow velocities to the point where eroded sediment particles, with sorbed pesticide, can 
settle out of the water (Sabbagh et al., 2009). Following movement down the slope of 
VFS, runoff undergoes changes in chemical composition and volume, entering the 
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watercourse relatively less contaminated than when it left the field (Abu-Zreig et al., 
2004). VFS act as a filter by increasing surface roughness, which decreases flow volumes 
and velocity (Liu et al., 2008; Muñoz-Carpena  et al., 1999). Surface runoff must flow 
slowly and uniformly through the filter to provide sufficient contact time for removal 
mechanisms to function (Dillaha et al., 1988). Infiltration is important because it 
decreases surface runoff, which in turn reduces the ability of runoff to transport pollutants 
(Dillaha et al., 1988).  Sedimentation occurs when the flow volume and velocity are 
decreased as a result of a decrease in transport capacity (Dillaha et al., 1988; Muñoz-
Carpena  et al., 1999). As sediment is deposited from runoff, sediment-bound nutrients 
and pesticides are also removed (Muñoz-Carpena et al., 1999; Poletika et al., 2009).  
Field and modeling studies have been conducted to determine what characteristics 
are most important in constructing VFS. The effectiveness of VFS depend on several 
factors including buffer width, slope, incoming sediment, type of vegetation, soil 
saturation, soil texture and flow velocity (Abu-Zreig et al., 2004; Haith and Rossi, 2003; 
Liu et al., 2008; Muñoz-Carpena et al., 1999).  
Dillaha et al. (1988) initially evaluated circumstances under which VFS are 
effective in reducing sediment and nutrient losses. Field experiments were designed to 
investigate the transport of sediment and nutrients as affected by flow rate and filter strip 
length. The effect of concentrated flow flow versus shallow uniform flow on VFS 
performance was of special interest. Nine experimental plots with varying slopes and 
lengths were constructed, three of the plots contained a 4% cross slope to cause the runoff 
to accumulate and flow along the boarder on one side of the plots (creating concentrated 
flow). A rainfall simulator was used to apply artificial rainfall (100 mm rain over 2 days) 
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and runoff was collected from the downhill edge (bottom) of the plots. The artificial 
rainfall was applied to each plot three times at each of two different manure loading rates 
for a total of six sets of simulations. The longer filters (9.1 m) reduced sediment loss by 
an average of 91% while the shorter filters (4.6 m) reduced sediment loss by an average 
of 81%. The most important area for sediment removal was found to be the upslope 
portion in the first few meters of the top of the VFS. In a VFS that was 0.5 m wide, 
sediment would increase until a substantial portion of the vegetation was buried. As more 
vegetation was buried, vegetative flow resistance decreased, transport capacity increased, 
and sediment began to flow into the adjacent virgin area of the filter.  
Three plots with a 4% cross slope were included in the above study to assess the 
potential impact of concentrated flow on VFS performance. During simulations, runoff 
from the plots flowed to one side of the plots where flow concentrated and moved down 
the side of the plot as deeper channel flow. Sediment concentrations that left uniform 
shallow flow filters were considerably less than those from concentrated flow plots. It 
was concluded that VFS effectiveness for sediment removal seemed to decrease with 
time as sediment accumulated in the filter. Effectiveness of VFS decreased by 
approximately 9%, with respect to sediment removal, between the first and second set of 
the six simulations. VFS characterized by concentrated flow were much less affected in 
terms of the removal of sediment than filters with shallow uniform flow, sediment 
accumulating in the filter of the shallow uniform flow plots seems to decrease VFS 
effectiveness for sediment removal. 
Muñoz-Carpena et al. (2010) evaluated which input factors were of greatest 
importance in predicting potential runoff and sediment and pesticide reductions. Using 
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the Vegetative Filter Strip Modeling System, VFSMOD-W, they inputted the data from 
three unique VFS studies in the literature. Saturated hydraulic conductivity (i.e. the 
movement of pesticides through saturated soil) was the most important hydrological input 
factor for predicting infiltration or runoff reduction across all three VFS studies. 
Abu-Zreig et al. (2004) conducted 20 field experiments with simulated rainfall to 
assess VFS performance in reducing cropland runoff using VFS with varying length, 
slope, and vegetation cover. They found that length of VFS, up to a length of 10 m, had 
the greatest effect on sediment trapping, followed by vegetation density and inflow rate. 
Trapping efficiency appeared to decrease with increasing flow rate in a non-linear 
fashion.  
Liu et al., (2008) reviewed over 80 scientific papers on vegetated buffers and 
sediment trapping efficacy. Using SAS 9.1.2, non-linear regression models were fitted to 
the data to reveal patterns between percent sediment removal and buffer width and slope, 
the two most important factors. The model results suggested that buffer width alone could 
only explain about 29% of the variation in sediment trapping efficacy. Review of the 
relationship between buffer strip width and sediment trapping showed that wider buffers 
are more effective in reducing sediment in runoff. Increasing the buffer width beyond 10 
m, however, did not significantly improve sediment-trapping efficacy. From the 
regression analysis an optimum slope of 9% was also established. 
Sabbagh et al., (2009) noted that pesticide trapping efficiencies of VFS are 
commonly predicted with low success using empirical equations based solely on physical 
characteristics, such as width and slope. They aimed to create an empirical model, which 
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accounted for VFS hydrological, sedimentological, and chemical specific parameters. 
Five parameters were identified as initially being essential to the analysis: (1) water 
volume and sediment mass in and out of the VFS; (2) dissolved pesticide mass in and out 
of VFS; (3) sediment bound pesticide mass in and out of the VFS; (4) size of VFS; and 
(5) soil characteristics.  
Data was pooled from five studies, which reported values for all five essential 
parameters. The empirical model was constructed using a phase distribution parameter, 
defined as the ratio of pesticide mass in dissolved form to pesticide mass sorbed to 
sediment, along with the percent of infiltration, percent sedimentation, and the percent 
clay content (R2 = 0.86, STDD = 7.8%) (Sabbagh et al., 2009). The empirical model used 
a natural logarithm and included the term Fph + 1 to ensure that in cases where there was 
no sediment reduction (∆Q), the equation predicted no pesticide trapping. 
VFS width was not determined to be a statistically important parameter in the 
empirical model. For low organic carbon sorption coefficient Koc (Koc ≤147 L kg-1) 
compounds, reduction in runoff volume (∆E) was the only statistically significant 
parameter of predicting pesticide loss (∆P). Model testing proved phase distribution 
factor, sediment reduction (∆Q) and percent clay content (%C) to be insignificant factors 
in determining pesticide trapping efficiencies of VFS of low Koc compounds. Phase 
distribution and sediment reduction were the only parameters important for high Koc (Koc 
9930 L kg-1) compounds. Reduction in runoff volume and percent clay content of VFS 
were insignificant parameters for high Koc compounds. The simplified model without 
buffer width was determined to be:  
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∆P = 24.79 + 0.54 (∆Q) + 0.52 (∆ E) – 2.42 ln(Fph + 1) – 0.89 (% C) 
The mechanism of pesticide trapping has historically been assumed to be a 
function of the organic carbon sorption coefficient (Koc ) (Sabbagh et al., 2009). Field 
studies, however, do not always support a correlation between pesticides trapping and 
Koc.  
Poletika et al. (2009) studied VFS effectiveness in removing two pesticides under 
varying conditions of flow volume and flow uniformity. They hypothesized that 
empirical equations which predict the effectiveness of VFS to remove pesticides based 
solely on physical characteristics are insufficient on the event scale because they do not 
completely account for hydrological processes. Field experiments were conducted to 
evaluate VFS effectiveness in removing residues of chlorpyrifos and atrazine, under 
varying conditions of flow volume and flow uniformity (tested based on the width of the 
flowpath perpendicular to the flow direction). Data from their field experiments were 
used to evaluate the model proposed by Sabbagh et al., 2009. The research was aimed at 
determining (1) if the empirical regression parameters suggested by Sabbagh et al. (2009) 
were transferable and (2) if flow volume and uniformity were accounted for by the 
combined numerical/empirical procedure. Based on the field study data, they concluded 
that flow uniformity was the primary driver for pesticide trapping. This finding is in 
agreement with Abu-Zreig et al. (2004), who reported that VFS with shallow and 
uniform flow performed better than VFS of equal length with concentrated flows. 
Poletika et al. (2009) also concluded that the VFSMOD empirical regression parameters 
suggested by Sabbagh et al. (2009) were transferable to their field study but cautioned 
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that hydraulic modeling of the VFS would be required to predict responses on an event 
basis. 
Grass vegetation is the primary plant material recommended for VFS (Moss et al., 
2006). Tall, stiff grasses with high stem densities reduce flow better (Otto et al., 2008). 
The dense shoot system in a grass buffer creates considerable resistance to water passage 
and thus creates an effective VFS (Moss et al., 2006). Moss et al., (2006) also 
hypothesized that a buffer mowed at increasingly higher heights in the downhill direction 
may inhibit runoff by presenting a series of low-cut to high-cut obstacles. They 
constructed a runoff site with a 5% slope and two treatment buffers: (1) turfgrass mowed 
at a constant height; and (2) turfgrass mowed at increasingly higher heights. The buffers 
mowed at increasingly higher heights caused significant delays in time to runoff and 
lower runoff volume. Due to their demonstrated effectiveness, turfgrass cut to three 
heights is one of treatment groups in the current study.  
The first half of the project that the current study is based upon was conducted by 
Smith et al. (2008). The greenhouse study focused on identifying plant species capable of 
enhancing the removal of pesticides from soils, which are commonly applied to and lost 
from golf course greens and other turf environments. Ten species of plants suggested in 
the literature as phtyoremediators were evaluated for their ability to remove pesticides 
from contaminated soils. The fives species (big blue stem, blue flag iris, eastern gama 
grass, prairie cored grass and wool grass) that most effectively removed the chosen 
pesticides from amended soils were selected for evaluation in the current field study. 
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CHAPTER 2 1 
MATERIALS AND METHODS 2 
A. Site Description.  3 
Field studies were conducted at the Joseph Troll Turfgrass Research Center, 4 
University of Massachusetts, in South Deerfield, MA. A runon plot was constructed for 5 
the studies, which consisted of 12 separate VFS (0.91 m x 4.6 m x 1.83 m), each with a 6 
5% slope (Fig. 1). Each VFS was lined with an impermeable 36-mil polypropylene liner. 7 
The VFS consisted of native subsoil (sugarloaf arkose) and a silt loam for the surface 8 
horizon (0 cm – 15.24 cm). Stainless steel suction lysimeters (Soil Measurement 9 
Systems, LLC Tuscon, AZ) were placed 0.3 m and 1.5 m below the soil surface, at a 10 
distance of 4.3 m from the top edge (uphill) of the VFS, to collect soil pore water from 11 
the bottom (downhill) section of each VFS. At the bottom edge of each VFS, an 12 
aluminum sheet/collector was positioned 7.62 cm below the top of the soil at the bottom 13 
30.48 cm of the VFS to collect runoff water. An 18.93 L bucket was placed beneath the 14 
distal spout of the aluminum collector to hold 4-L glass bottles that were used during the 15 
collection of runoff water from the VFS.  16 
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 17 
Figure 1: Schematic drawing of VFS showing placement of suction lysimeters and the 18 
aluminum sheet/collector for runoff water. 19 
 20 
B. Bromide “Tracer” Study.  21 
Bromide “tracer” studies were conducted on the runon plot to determine if any 22 
hydraulic difference existed between individual VFS prior to and after the introduction of 23 
plant treatments. Bromide was used as a tracer because: (1) it does not easily degrade; (2) 24 
it does not interact with the soil; (3) it is easily detectable; and (4) it is highly water 25 
soluble, thereby identifying the front edge of a runoff event. Detection of bromide in 26 
runoff water collected at the bottom of the VFS infers that applied runon water reached 27 
the bottom of the VFS.  28 
1
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 Prior to planting, the first bromide “tracer” study was conducted on the runon plot 29 
to determine if any inherent hydraulic differences existed between individual unplanted 30 
VFS. Bromide was applied to the plot as 1- and 5-yr rain events. The rain amounts for a 31 
1- and 5-yr rain event (6.1 cm and 9.65 cm, respectively) in South Deerfield, MA were 32 
obtained from Frank Keimig of the Climate System Research Center at the University of 33 
Massachusetts – Amherst (personal communication). The volumes of runon water were 34 
obtained using the SCS Curve Number Method (Cronshey et al., 1986), a formula to 35 
estimate runoff volume based on rainfall amounts and ground cover. The SCS Curve 36 
Number Method estimated the amounts of water lost as runoff from a 6.1 x 0.9 m area of 37 
turfgrass with a 5% slope, which was situated uphill from the individual VFS, to be 96.2 38 
L and 235.07 L during a 1- and 5-yr rain event, respectively. Thus, the 1-yr rain event 39 
entailed applying 6.1 cm of “rain” to each VFS concurrent with 96.2 L of runon water. 40 
The 5-yr rain event entailed applying 9.65 cm of “rain” to each VFS concurrent with 41 
235.07 L of runon water. 42 
 Prior to the initiation of the bromide tracer study, pop-up sprinklers (in-ground) 43 
applied irrigation (1.02 cm hr-1) to the plot for 10 hr during a pre-saturation period. The 44 
VFS were then allowed to dry for 12 hr before a 6-hr rain event was initiated, simulated 45 
by pop-up sprinklers (1.02 cm hr-1). The amount of “rain” delivered to the plot was 46 
measured using 6 rain gauges evenly placed around each VFS (Fig. 2). Runon water was 47 
held in a nurse tank containing potassium bromide (VWR International LLC, Radnor, 48 
PA) at 0.4 g L-1. Each VFS received 96.2 L of runon water over a 2-hr period. The first 49 
hour of the 2-hr runon application period overlapped with the last hour of the 6-hr rain 50 
event. Individual volunteers were stationed at the bottom of each VFS before the 51 
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initiation of the runon application and directed to collect 30 ml grab samples of runoff 52 
water every 2 min for the first 30 min of the runon event. Aluminum foil was placed over 53 
the aluminum collector at the bottom of each VFS to ensure that the runoff samples 54 
collected were not diluted with “rain” generated by the in-ground irrigation system. 55 
Runoff samples were stored in a cooler until they could be refrigerated (5 °C) and sent to 56 
Spectrum Analytical, Inc. Agawam, MA, to be analyzed for bromide.  57 
 58 
 59 
 60 
Figure 2: Six rain gauges (small solid rectangles) surround each VFS (large open 61 
rectangles) to measure rainfall amounts applied to the runon plot. 62 
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 Based on the results of this initial bromide tracer study, individual VFS were 64 
categorized as “fast,” “medium,” or “slow” depending on the concentration of bromide 65 
detected in the 2 or 4 min grab samples. VFS were categorized as “fast” if bromide was > 66 
480 mg/L in the 2 min sample, “medium” if > 1560 mg/L in the 4 min sample, and 67 
“slow” if < 1560 mg/L in the 4 min sample. Vegetated (one of the 3 plantings tested) and 68 
UVFS treatments were assigned to individual VFS so there was a “fast,” “medium,” and 69 
“slow” VFS for each treatment – ensuring that their combined hydrology was “average” 70 
compared to the entire plot.  71 
 72 
 Two years after planting, when the vegetation was fully mature, a second bromide 73 
tracer study was conducted using the same in-ground irrigation system as described 74 
above. Hydrology information from both of these studies was compared to determine if 75 
there were differences in the hydrology between individual VFS prior to and after the 76 
introduction of vegetative treatments. Hydrology information was also used to determine 77 
if there was a significant difference between the hydrology of treatment groups.  78 
 After the bromide tracer studies on the mature VFS were conducted, it was 79 
determined that the in-ground irrigation system was not adequate to simulate a rain event 80 
as the mature plants blocked some of the irrigation water being applied to the runon plot. 81 
In its place, an overhead simulated-rainfall system was constructed, similar to that used in 82 
a previous USGA-funded runoff study in Minnesota (Kramer et al., 2009), which 83 
delivered precipitation similar to that found in natural rain (Fig. 3). Briefly, the simulated 84 
rainfall system was constructed out of a 5 cm diameter schedule 40 PVC pipe, which 85 
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carried water to sixteen 2.5 cm diameter schedule 40 PVC risers. Each riser was fitted 86 
with a pressure regulator (Lo-Flo, 15 psi) and a nozzle (3TN-25) fitted with standard PC- 87 
S3000 spinner (Nelson Irrigation, Walla Walla, WA). Risers were spaced 3.7 m apart 88 
with the base of the spinner suspended 3.1 m above the soil surface. 89 
 90 
 91 
Figure 3: Overhead simulated-rainfall system constructed out of 16 risers applied 92 
artificial rainfall to the runon plot. 93 
 94 
 A third bromide tracer study was repeated using the overhead simulated-rainfall 95 
system to determine if the overhead simulated-rainfall system more accurately simulated 96 
a 1-yr rain event. Runoff water was held in a nurse tank containing potassium bromide 97 
(0.4 g L-1) and was applied (800 ml min-1) to the top edge of each VFS using Tygon ® 98 
tubing and calibrated variable flow chemical transfer pumps (VWR International, LLC, 99 
Radnor, PA) (Fig. 4). A t-connector (Fig. 5) was added to the end of each line of tubing. 100 
Two 45.72 cm sections of 1.27 cm diameter Tygon® tubing, each with holes inserted at 101 
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5.08 cm intervals, were attached to the arms of the t-connector and their ends pinched off 102 
with hose-cock clamps. The “T” apparatus was placed into individual aluminum 103 
distribution manifolds. Each manifold had holes drilled at 5.08 cm intervals and were 104 
placed at the top edge of each VFS to evenly distribute water along the width of the VFS 105 
following leveling of the manifold. Sample collection was as described above.  106 
 107 
Figure 4: Chemical transfer pumps applied water from a nurse tank to VFS via Tygon® 108 
tubing and an aluminum distribution manifold. 109 
 110 
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 111 
Figure 5: T-apparatus utilized to evenly apply runon water to VFS. 112 
 113 
C. Plant Establishment.  114 
Individual VFS were planted in three replicates of four treatments: (1) random 115 
mixture of selected plant species; (2) succession of plant species; (3) turfgrass cut to three 116 
heights; and (4) UVFS (Fig. 6). A previously published greenhouse study (Smith et al., 117 
2008) determined the five plant species, which most effectively removed five chosen 118 
pesticides (2 fungicides, 1 herbicide and 2 insecticides) from a silt loam soil, to be used in 119 
these treatments: (1) Big Blue Stem (Andropogon gerardii); (2) Blue Flag Iris (Iris 120 
versicolor); Eastern Gama Grass (Tripsacum dactyloides); (4) Prairie Cord Grass 121 
(Spartina pectinata); and (5) Woolgrass (Scirpus cyperinus). In the mixture of plant 122 
species treatment, the selected plants were randomly placed and evenly distributed 123 
throughout the VFS using a random number generating program. In the succession 124 
treatment, the selected plants were arranged in order of increasing height from the uphill 125 
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edge of the VFS to its downhill edge (Blue Flag Iris, Woolgrass, Prairie Cord Grass, Big 126 
Blue Stem, and Eastern Gama Grass). The turfgrass treatment was established as an 127 
80:20 mixture of Kentucky Bluegrass:Fescue and maintained at three heights (2.54 cm, 128 
3.81 cm, and 5.08 cm from uphill to downhill of the VFS).  129 
 130 
Figure 6: Individual VFS planted in four treatments (L to R): mixture of plant species, 131 
UVFS, succession of plant species and turfgrass cut to three heights in a runon plot. 132 
 133 
D. Management Practices.   134 
The turf research facility has an irrigation system built of 2.54 cm diameter pipe, capable 135 
of supplying 80 psi. The plot is surrounded by eight in-ground pop-up sprinklers. Each 136 
sprinkler has a throw radius of 4.6 m and puts out 18.9 L min-1. During establishment, the 137 
plot was watered for 15 min three times a day. When the plants reached maturity, they 138 
were watered once a day, and then on an as needed basis during the 2009 growing season.  139 
   
20 
 Turfgrass VFS were mowed with a push-mower at increasing heights (2.54 cm, 140 
3.81 cm, and 5.08 cm), followed by hand clipping with sheers. The clippings were 141 
removed with a leaf rake. Turfgrass VFS received approximately 2 lbs. of nitrogen per 142 
1000 sq ft per a growing season. All VFS were hand weeded and bark mulch was placed 143 
between VFS. The UVFS were sprayed with RoundUpPro® herbicide (Monsanto 144 
Company, St. Louis, MO) containing 41% glyphosate [N-(phosphonomethyl)glycine] as 145 
needed and Surflan® pre-emergence herbicide (Southern Agricultural Insecticides, Inc., 146 
Palmetto, FL) containing 40.4% orzalin (3,5-dinitro-N4N4-dipropylsulfanilamide) was 147 
applied in the spring of each growing season.  148 
 149 
E. Pesticides.  150 
The following pesticides were monitored in this study: Manicure® 6FL non- 151 
systemic fungicide (Lesco, Inc. Cleveland, OH) containing 54% chlorothalonil 152 
(tetrachloroisophthalonitrile); Lorsban™ 4E non-systemic insecticide (Dow 153 
AgroSciences LLC, Indianapolis, IN) containing 44.9% chlorpyrifos [O,O-diethyl-O- 154 
(3,5,6-trichloro-2-pyridinyl)phosophorothioate]; Merit® 75 WP systemic insecticide 155 
(Bayer Environmental Science, Research Triangle Park, NC) containing 75% 156 
imidacloprid {1-[(6-chloro-3-pyridinyl)methyl]-N-nithro-2-imidazolidinimine}; Pre-M® 157 
60 DG non-systemic herbicide (Lesco, Inc.) containing 60% pendimethalin [N-(1- 158 
ethylpropyl)-3-4-dimethyl-2,6-dinitro-benzamine]; and Banner Maxx™ systemic 159 
fungicide (Syngenta Crop Protection, Inc., Greensboro, NC) containing 14.3% 160 
propiconazole (1-{[2-(2,4-dichlorophenyl)-4-propyl-1,3-diozolan-2-yl]methyl}-1,2,4- 161 
triazole) (Table 1). 162 
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 163 
Table 1: Chemical information for pesticides of interest. 164 
Compound Structure Molecular 
Weight 
(amu) 
Water 
Solubility 
(mg/L) 
Kow 
1(logP) 
Koc 
Chlorothalonil 
 
265.9 0.81 2.92 5000 
Chlorpyrifos 
 
350.6 1.4 4.7 9930 
Imidacloprid 
 
255.7 6000000 0.57 132 - 
310 
Pendimethalin 
 
281.3 0.33 5.2 24,300 
Propiconazole 
 
342.2 100 3.72 1800 
 165 
                                                        
1 Kow is the octanol/water partition coefficient, defined as the ratio of a chemical’s 
concentration in the octanol phase to its concentration in the aqueous phase of a 
two-phase octanol/water system. Koc is the soil adsorption coefficient, a measure of 
the tendency of a chemical to bind to soils, corrected for soil organic carbon (oc) 
content. 
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 A tank mix was generated by adding the commercially available formulated 166 
pesticides to the volume of runon water generated during a 1- or 5-yr rain event contained 167 
in the nurse tank. The amount of pesticides used in the study was calculated by 168 
determining 5% of the amount of pesticide that would have been applied to a 6.1 m x 0.9 169 
m section of turfgrass based on the respective maximum application rates (Table 2).  170 
 171 
Table 2: Characterization and application of pesticides of interest. 172 
Pesticide class Pesticide name Plant uptake 
Maximum 
application rate 
Active 
ingredient lost 
from 6.1 m x 
0.9 m turf area 
at 5% loss 
Fungicides Chlorothalonil Non-systemic 16.5 lb/acre 0.52 g 
 Propiconazole Systemic 21.17 oz/acre 0.05 g 
Herbicide Pendimethalin Non-systemic 3 lb/acre 0.11 g 
Insecticides Chlorpyrifos Non-systemic 0.24 lb/acre 0.03 g 
 Imidacloprid Systemic 6.45 oz/acre 0.01 g 
 173 
F. Simulated Rainfall.  174 
Artificial “rain” was applied to the runon plot during the runoff study using the 175 
overhead simulated-rainfall system described above. During the experiment, rainfall was 176 
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measured using Acu-Rite 00850 Easy Read Magnifying Rain Gauges – 12.7 cm capacity. 177 
Measured rainfall amounts for the 1-yr application were 5.58 cm ± 1.31 cm; similar to a 178 
1-yr storm event for South Deerfield, MA (6.1 cm). Measured rainfall amounts for the 5- 179 
yr application were 10.65 cm ± 1.84 cm; similar to a 5-yr storm event for South 180 
Deerfield, MA (9.65 cm). 181 
 For the 1-yr rain event: 26 hr before the pesticide application, the runon plot was 182 
pre-soaked using the overhead simulated-rainfall system for 9 hr (2.0 cm hr-1), followed 183 
by a 15 hr drying period, and then with an additional 3 hr of simulated rainfall (2.0 cm hr- 184 
1) (Fig. 7).  185 
For the 5-yr rain event: 26 hr before the pesticide application, the runon plot was 186 
pre-soaked using the overhead simulated-rainfall system for 9 hr (3.2 cm hr-1), followed 187 
by a 15 hr drying period, and then with an additional 3 hr of simulated rainfall (3.2 cm hr- 188 
1).  189 
During both studies, the overhead simulated-rainfall overlapped with the 190 
application of the runon tank mixture by 1 hr (last hour of simulated rainfall and the first 191 
hour of runon) (Fig. 7). The runon tank mixture contained the volume of water produced 192 
by a 1- or 5-yr rain event, mixed with bromide (0.4 g L-1) and the 5 pesticides at 5% of 193 
their maximum application rate. The mixture was kept in suspension in the tank by an 194 
alumina airstone attached to an Airtech 40 Pump (Evolution Aqua Ltd, Wigan, 195 
Lancashire, UK). The runon water in the tank mix was distributed to the 12 individual 196 
VFS by Tygon® tubing using calibrated variable flow pumps as described above. 197 
 198 
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 199 
Figure 7: Timing schedule for the application of “rain” utilizing overhead simulated- 200 
rainfall (A) and the runoff collection scheme (B). 201 
 202 
 203 
G. Field Capacity.  204 
 205 
At the beginning of the 1- and 5-yr rain events utilizing the overhead simulated- 206 
rainfall system (9 am following the pre-saturation and drying intervals), soil core samples 207 
were taken from each VFS using a zero-contamination soil core sampler (JMC Soil 208 
Samplers, Clements Associates, Inc., Newton, IA) fitted with acetate liners. Mickey 209 
Spokas, from the Department of Plant, Soil and Insect Sciences at the University of 210 
Massachusetts-Amherst, analyzed the soil samples for plant available water. The plant 211 
available water (g H2O/g dry soil) was obtained from the soil cores using a pressure 212 
membrane and pressure plate apparatus set at 0.3 bar pressure. Using the reference value 213 
of 0.28 g H2O/g soil for Hadley Silt Loam (Winkler, 2001), the percent of field capacity 214 
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was calculated for each VFS during the 1- and 5-yr simulated by overhead simulated- 215 
rainfall system. 216 
 217 
H. Sample Collection.  218 
Prior to the initiation of the runon events (Fig. 7), surface runoff samples (pre- 219 
sample collection) were collected in 3.79 L, narrow-mouthed, clear glass bottles (VWR 220 
International LLC., West Chester, PA) for 30 min. These samples established the runoff 221 
volume due to the overhead simulated-rainfall system prior to the addition of the runon 222 
water to the VFS. Once the runon event was initiated, grab samples were collected in 30 223 
ml HDPE bottles (Thermo Fisher Scientific, Waltham, MA) at 3 min intervals for the first 224 
30 min. These samples were stored at 5 °C until analyzed for bromide as described 225 
previously. The runoff water that was not collected into the 30 ml bottles was collected in 226 
3.79 L glass bottles so that all of the runoff water was collected. The collection times for 227 
runoff sampling were divided into four 30 min collection periods.  228 
At the end of the 2-hr runon event, the amount of runoff collected from each VFS 229 
was measured using graduated cylinders. The samples from VFS that produced less than 230 
900 ml during a 30 min collection period were transferred from the 3.79 L glass bottles 231 
into 950 ml amber glass bottles for transportation and analysis. 232 
All the runoff samples collected from VFS that produced more than 3.79 L of 233 
runoff in a 30 min collection period were combined. An aliquot of the combined runoff 234 
water was transferred to a 950 ml amber glass bottle for transportation and analysis. 235 
There was one 950 mL bottle containing runoff from each of the 12 VFS for the pre- 236 
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sample and each of the four 30 min collection periods (totaling 60 samples). The samples 237 
were filtered through Buchner funnels with Whatman # 1 filter paper (GE Healthcare, 238 
Little Chalfont, Buckinghamshire, UK) into 1 L Erlenmeyer side-arm flasks using a 239 
vacuum pump (~ 12 psi). Samples were then frozen (- 20°C) until laboratory analysis. 240 
 Subsurface water was collected using two stainless-steel suction lysimeters placed 241 
at the bottom of each VFS 0.3 m and 1.5 m below the soil surface. The lysimeters have a 242 
welded stainless-steel body with a porous section near the top and two steel outlet tubes. 243 
The longer of the two outlet tubes was used as a vacuum line. The shorter of the two 244 
outlet tubes was used for sampling. Prior to installation, black Teflon® tubing was 245 
attached to the vacuum outlet and white Teflon® tubing was attached to the sampling 246 
outlet so that the tubing extended 1 m above the soil surface. 247 
To collect subsurface water from soil pores, a vacuum pump was attached to the 248 
vacuum line and the sample line was closed. As negative pressure built up inside the 249 
lysimeters body, soil pore water slowly flowed into the lysimeters through the porous 250 
section of the lysimeters body. To retrieve the subsurface water sample from the 251 
lysimeters body, positive pressure was applied to the vacuum line, the subsurface water 252 
sample collected from the end of the open sample line into 500 ml amber bottles and 253 
stored at -20 °C until analyzed. Subsurface water was collected from lysimeters 0.3 m 254 
below the soil surface at 6 hr, 18 hr, 42 hr, 1 week and 1 month after the conclusion of 255 
the runon application. Subsurface water was collected from the lysimeters 1.5 m below 256 
the soil surface 1 day and 1 month following runon experiments.  257 
 258 
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I. Laboratory Analysis.  259 
1. Extraction of Chlorothalonil, Chlorpyrifos, Imidacloprid, 260 
Pendimethalin and Propiconazole from Runoff and Lysimeter Water 261 
Samples.  262 
A solid-phase extraction (SPE) procedure was used for extractions. A 500 ml 263 
aliquot of each sample was transferred into a 600 ml flask. Laboratory blanks and spikes 264 
were included in each sample set. Laboratory blanks were created by adding 500 ml of 265 
laboratory-grade water to a 600 ml flask. Laboratory spikes consisted of 500 ml of 266 
laboratory-grade water fortified with 1 ml of spiking solution containing chlorothalonil, 267 
chlorpyrifos, pendimethalin and propiconazole (2 µg ml-1) and imidacloprid (0.2 µg ml-1). 268 
The blanks and spikes were treated exactly as collected samples during the extraction 269 
process.  270 
 A water-extraction manifold apparatus (Fig. 8) was used during the water 271 
extraction that consisted of two rows of six plastic Erlenmeyer side-arm flasks (1000 ml), 272 
each row sharing a vacuum line. A rubber stopper, fitted with a stop-cock and a Luer 273 
needle, was attached to the top of each Erlenmeyer flask, while a rubber hose was used to 274 
connect the side-arm of each flask to the vacuum line. 275 
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 276 
Figure 8: Water-extraction manifold apparatus. 277 
 278 
 Solid-phase extraction cartridges with 200 mg Oasis HLB sorbent, a universal 279 
polymeric reversed-phase sorbent, and 6 ml capacity (Waters Corporation) were attached 280 
to the top of the Erlenmeyer flasks and conditioned with 6 ml ethyl acetate. The ethyl 281 
acetate was discarded and the cartridges were aspirated under vacuum (~ 12 psi) for 10 282 
min. The cartridges were further conditioned with 6 ml of methanol followed by 6 ml of 283 
laboratory-grade water. The stop-cocks were closed and an additional 4 ml of laboratory- 284 
grade water was added before Teflon® transfer lines were attached to each cartridge. 285 
Utilizing a vacuum pump, the samples were loaded onto the cartridges through the 286 
Teflon® transfer lines at 10 ml min-1 (~ 12 psi). Excess water was removed from the sides 287 
of the cartridges using a Kim Wipe and the cartridges were allowed to air dry for 10 min. 288 
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 The cartridges were transferred to a clean SPE extraction manifold and analytes 289 
were eluted from the cartridges into labeled 15 ml centrifuge tubes using 8 ml of ethyl 290 
acetate in a drop-wise fashion. Vacuum was used at the end of the elution to collect 291 
remaining solvent and the associated analytes. Approximately 1 g of anhydrous sodium 292 
sulfate was added to each centrifuge tube to remove remaining water. The centrifuge tube 293 
was vortexed and the organic layer transferred to a clean centrifuge tube. An additional 2 294 
ml of ethyl acetate was used to washout the salt bed, the centrifuge tube was vortexed 295 
again and the remaining organic layer transferred to the clean centrifuge tube containing 296 
the initial elutant. 297 
 The samples were reduced to dryness under nitrogen at 40 °C and reconstituted 298 
with 2 ml of ethyl acetate. A 1 ml aliquot of each sample was reduced to dryness under 299 
nitrogen at 40 °C and reconstituted with 1 ml of 50:50 acetonitrile and laboratory-grade 300 
water solution. These samples were filtered into a clear auto-sampler vial with a PTFE 301 
septa (Waters Corporation) using Acrodisc® 13 mm syringe filters with a 0.2 µm nylon 302 
membrane (Pall Life Sciences, Port Washington, NY) and used for imidacloprid analyses. 303 
The remaining 1 ml of sample was filtered into amber auto-sampler vials with 304 
screw caps and an PTFE septa (Agilent Technologies, Santa Clara, CA) using glass 305 
syringes fitted with Acrodisc® 13 mm syringe filters with a 0.4 µm nylon membrane (Pall 306 
Life Sciences) and used for the analyses of all pesticides except imidacloprid.  307 
 This extraction method had to be adapted for samples with total volumes 308 
significantly less than 500 ml, such as many of the shallow lysimeters samples. For these 309 
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samples, a micro-extraction was performed using a starting volume of 50 ml. The 310 
remainder of the method remained the same as described above. 311 
 312 
2. Instrumental Analysis of Chlorothalonil, Chlorpyrifos, Imidacloprid, 313 
Pendimethalin and Propiconazole. 314 
 Samples were analyzed for imidacloprid using a Waters Alliance 2695 HPLC in 315 
conjunction with a Waters Acquity TQD utilizing MassLynx 4.1 software (Waters 316 
Laboratory Informatics, version 4.1, Milford, MA). The HPLC was fitted with an Atlantis 317 
T3 (100 mm x 2.1 mm x 3 µm) column. The initial pump conditions were set at 95% 318 
0.1% formic acid and 5% acetonitrile. The nitrogen flow was set to 0.2 ml min-1. The 319 
total run time was 17.6 min and the gradient timetable was as detailed in Table 3. 320 
 321 
322 
   
31 
Table 3: HPLC solvent gradient program used for the detection of imidacloprid. 323 
Time (min) Percent 0.1% 
formic acid 
Percent 
Acetonitrile 
Flow 
0.00 95.0 5.0 0.20 
0.50 95.0 5.0 0.20 
7.00 5.0 95.0 0.20 
10.00 5.0 95.0 0.20 
10.10 95.0 5.0 0.20 
17.10 95.0 5.0 0.20 
 324 
 Samples were analyzed for chlorothalonil, chlorpyrifos, pendimethalin and 325 
propiconazole using an Agilent Technologies 6890 gas chromatograph equipped with a 326 
5973 mass spectrometer (GC-MSD) and Chemstation®  Software (Agilent Technologies, 327 
version, Santa Clara, CA). The GC/MSD was operated using electron impact ionization 328 
(70 eV) in selected ion-monitoring mode (SIM). The GC/MSD was fitted with an Agilent 329 
DB – 5 MS (30.0 m x 250 µm x 0.25 µm) column. The injector temperature was set at 330 
250 °C and the detector was set to 280 °C. The auto-sampler injected 2.0 µl of sample 331 
into the inlet and helium was used as the carrier gas at 1.0 ml min-1. The oven 332 
temperature was initially set at 80 °C and increased 20 °C min-1 until reaching 300 °C. 333 
The SIM program detected ions in three groups. The first group (229 amu, 231 amu, 264 334 
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amu, and 266 amu) detected chlorothalonil [Retention time(Tr) = 8.2 min]. The second 335 
group (192 amu, 197 amu, 252 amu, 314 amu and 349 amu ) detected chlorpyrifos (Tr = 336 
9.0 min) and pendimethalin (Tr = 9.4 min). The third group (173 amu, 175 amu, 191 amu, 337 
259 amu and 261 amu) detected propiconazole (Tr = 10.7 min and 10.8 min).  338 
 339 
  340 
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CHAPTER 3 341 
RESULTS 342 
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Water inputs from simulated rainfall applications were monitored for each 344 
experiment using six rain gauges surrounding each VFS. Thirty-nine measurements were 345 
taken during each rain event. The amount of rainfall calculated to occur during a 1-yr rain 346 
event was 6.1 cm, obtained from Frank Keimig of the Climate System Research Center at 347 
the University of Massachusetts – Amherst (personal communication). The average 348 
amount of rainfall for the 1-yr rain event simulated by in-ground irrigation on the runon 349 
plot pre-planting was 5.33 ± 0.69 cm, which was 12.6 % lower than the calculated value. 350 
Multiplying this amount over the area of each VFS (5.33 cm x 4.6 m x 0.91 m) produces 351 
a calculated rainfall volume of 223.1 L of rain delivered to each VFS over the 2-hr 352 
rainfall event. There was a statistically significant difference [p < 0.05, t(38) = 6.99, p << 353 
0.001] between the amount of rainfall applied and the amount of rainfall calculated to 354 
occur during a 1-yr rain event (6.1 cm x 4.6 m x 0.91 m = 255.35 L), indicating that the 355 
output of the in-ground system was not sufficient to simulate a 1-yr rain event. 356 
A rain event was conducted on VFS post-planting to determine whether the plants 357 
caused a significant change in the hydraulics of the VFS. The average amount of rainfall 358 
applied during the 1-yr rain event simulated by in-ground system on VFS treatments was 359 
3.76 cm ± 0.61 cm (38.4 % lower than the calculated value, 6.1 cm). Multiplying this 360 
amount over the area of each VFS (3.76 cm x 4.6 m x 0.91 m) produces a calculated 361 
rainfall volume of 157.4 L of rain delivered to each VFS over the 2-hr rainfall event. As 362 
expected, there was a statistically significant difference [p < 0.05, t(38) = 23.64, p<< 363 
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0.001] between the amount of rainfall applied by the in-ground irrigation post-planting 364 
(3.76 cm) and the amount of rainfall calculated to occur during a 1-yr rain event (6.1 cm). 365 
Again, the in-ground system did not adequately simulate a 1-yr rain event on VFS post- 366 
planting and was consistent with the results obtained on VFS pre-planting. 367 
 There also was a significant difference [p < 0.05, t(76) = 10.47, p<< 0.001] 368 
between the measured rainfall amounts generated during the 1-yr rain events pre- (5.33 369 
cm) and post-planting (3.76 cm) (Fig. 9). The vegetation shielded certain portions of the 370 
runon plot from uniform application of water from the in-ground sprinklers leading to 371 
lowered measured rain amounts (29.5 % lower in post-planting versus pre-planting runon 372 
plot). The overhead simulated-rainfall system was utilized to resolve this problem. 373 
 374 
Figure 9: Calculated and actual (pre-planting and post-planting) rainfall amounts (cm) 375 
measured during 1-yr rain events generated by in-ground system on VFS plot pre-and 376 
post-planting. The symbol * is used to denote statistically significant (p < 0.05) 377 
reductions in runoff volume. 378 
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 379 
The 1-yr rain event simulated by the overhead simulated-rainfall system generated 380 
an average of 5.84 cm ± 1.83 cm of rainfall (4.3 % lower than calculated value). 381 
Multiplying this amount over the area of each VFS (5.84 cm x 4.6 m x 0.91 m) produces 382 
a calculated rainfall volume of 244.5 L of rain delivered to each VFS over the 2-hr 383 
rainfall event. There was no significant difference [p < 0.05, t(38) = 0.89, p = 0.19] 384 
between the amount of rainfall applied and the amount of rainfall calculated  (6.1 cm x 385 
4.6 m x 0.91 m = 255.35 L) to occur during a 1-yr rain event. The overhead simulated- 386 
rainfall system was also able to apply water to the plot more uniformly and accurately 387 
than the in-ground system.  388 
The amount of rainfall applied by in-ground (3.76 cm) versus the overhead 389 
simulated-rainfall system (5.84 cm) (Fig. 10) was significantly different [p < 0.05, t (76)= 390 
6.71, p << 0.001]. Due to the significant difference between the amounts applied utilizing 391 
the in-ground versus overhead simulated-rainfall system and the fact that the calculated 392 
amount was not significantly different from the applied rainfall using the overhead 393 
simulated-rainfall system, it was concluded that the overhead simulated-rainfall system 394 
more accurately reproduced the conditions of a 1-yr rain event.  395 
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 396 
Figure 10: Calculated and actual (in-ground and overhead) rainfall amounts (cm) 397 
measured during 1-yr rain events generated by in-ground and overhead simulated-rainfall 398 
system on VFS post-planting. The symbol * is used to denote statistically significant (p < 399 
0.05) rainfall amounts. 400 
 401 
The 5-yr rain event generated an average of 10.65 cm ± 1.84 cm of rainfall.  402 
Multiplying this amount over the area of each VFS (10.65 cm x 4.6 m x 0.91 m) produces 403 
a calculated rainfall volume of 445.8 L of rain delivered to each VFS over the 2-hr 404 
rainfall event. This value was significantly greater (10.4 % greater) [p < 0.05, t(38) = 405 
3.12, p = 0.003] than the amount of rainfall calculated (9.65 cm x 4.6 m x 0.91 m = 406 
403.95 L) to occur during a 5-yr rain event.  407 
There was a highly significant difference [p < 0.05, t(76) = 13.62, p<< 0.001], 408 
however, between the amount of rainfall applied during the 1- (5.84 cm) versus 5-yr 409 
(10.65) rain events using the overhead simulated-rainfall system (Fig. 11). Due to the 410 
significant difference between the amounts of rainfall applied during the 1- versus 5-yr 411 
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rain events, it was concluded that the difference between the two rain events was 412 
significant enough for them to be considered two different events. 413 
 414 
Figure 11: Calculated and actual rainfall amounts (cm) during 1- and 5-yr rain events 415 
utilizing overhead simulated-rainfall system.  The symbol * is used to denote statistically 416 
significant (p < 0.05) rainfall amounts. 417 
 418 
 419 
B. Field Capacity. 420 
Soil core samples were obtained during each rain event before the application of 421 
simulated rainfall. The collected samples were evaluated to determine the initial moisture 422 
content, as a percentage of field capacity, at the onset of the experiment. Field capacity 423 
for a silt loam soil is considered to be 0.28 g H20/ g dry soil (Winkler, 2001). 424 
During the 1-yr rain event simulated by the overhead simulated-rainfall system 425 
post-planting, the runon plot was at 86.6 % field capacity (Table 4). The UVFS, 426 
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succession, mixture and turfgrass VFS were at 100%, 75%, 85.7%, 85.7% field capacity, 427 
respectively. 428 
Table 4: Average plant available water in VFS treatments during 1- and 5-yr rain events. 429 
Field capacity for a silt loam soil is 0.28 g H2O/ g dry soil. Average percent of field 430 
capacity is provided for each treatment. 431 
Treatment Plant Available Water (g H2O/ g dry soil) 
(Average Percent Field Capacity) 
1-yr 5-yr 
UVFS 0.28 (100 %) 0.23 (83.2 %) 
Succession 0.21 (75 %) 0.26 (91.7 %) 
Mixture 0.24 (85.7%) 0.27 (95.2 %) 
Turfgrass 0.24 (85.7 %) 0.24 (85.7 %) 
 432 
During the 5-yr rain event, the runon plot was at 88.7 % field capacity. The 433 
UVFS, succession, mixture and turfgrass VFS were at 83.2%, 91.7%, 95.2%, and 85.7% 434 
field capacity, respectively. 435 
 The results of a two-tailed t-test [t(3) = 0.28, p = 0.80] show that there was no 436 
statistical difference (p > 0.05) in percent field capacity of the plot between the two 437 
simulated rainfall events. 438 
 439 
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C. Runoff Volumes 440 
1. Runoff Volumes from VFS during a 1-yr Rain Event (Pre-planting). 441 
 Runoff samples were collected from the bottom of each VFS during four 30 min 442 
sampling periods. The total volume of runoff collected from the 12 VFS during a 1-yr 443 
rain event simulated by in-ground system on the runon plot pre-planting was 478.8 L. 444 
The average volume of runoff collected from the bottom of each VFS was 39.9 ± 18.9 L 445 
with a range of 5.8 L to 77.3 L. The volumes of runoff generated from the runon plot pre- 446 
planting (Fig. 12) were indicative of differences in the hydraulic nature inherent to each 447 
VFS. VFS 1 produced the least runoff while VFS 9 produced the most runoff. VFS 6, 7, 448 
12 produced less runoff than VFS 2, 3, 4, 5, 8, 10, 11. 449 
 450 
Figure 12: Total runoff volumes (L) collected from 12 VFS during a 1-yr rain event 451 
generated by in-ground system applied to the runon plot pre-planting. 452 
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2. Runoff Volumes from VFS during a 1-yr Rain Event (Post-planting). 454 
a) In-ground Irrigation System. 455 
The total volume of runoff collected from the bottom of 12 individual VFS during 456 
a 1-yr rain event simulated by in-ground system applied to the runon plot post-planting 457 
was 91.90 L with a range of 3.97 L to 153.4 L. The average runoff volumes generated by 458 
UVFS, succession, mixture and turfgrass treatments were 27.03 L ± 28.29 L, 1.00 L ± 459 
0.70 L, 0.90 L ± 0.53 L and 1.70 L ± 0.78 L, respectively (Fig. 13). 460 
There was a significant difference [p < 0.05, t(10) = 3.06, p = 0.01] in the 461 
volumes of runoff generated from vegetated (succession, mixture, and turfgrass) and 462 
UVFS treatments. The percent reduction is calculated by subtracting the runoff volume 463 
collected from each vegetated treatment from the runoff volume collected from the UVFS 464 
and dividing this value by the runoff water collected from the UVFS times 100. Using 465 
this calculation, there was a 96.3 %, 96.7 %, and 93.7 % reduction in runoff volume 466 
caused by succession, mixture and turfgrass treatments, respectively (Fig. 13). From 467 
these findings, it can be inferred that the vegetation significantly changed the hydraulic 468 
nature of the VFS. It appears that the vegetation slowed the flow of water significantly 469 
enough for it to infiltrate into the soil, instead of leaving the VFS as runoff. 470 
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 471 
Figure 13: Average total runoff volumes (L) collected from each treatment (UVFS, 472 
succession, mixture, and turfgrass) during a 1-yr rain event generated by in-ground 473 
system. The percent change in runoff volumes from vegetated VFS (succession, mixture, 474 
and turfgrass) when compared with UVFS treatments is displayed above the vegetated 475 
treatments. The symbol * is used to denote statistically significant (p < 0.05) reductions 476 
in runoff volume using an unpaired t-test. 477 
 478 
To calculate the total amount of water applied to the VFS during an actual runoff 479 
experiment, the amount of rain delivered to the individual VFS is included plus the 480 
additional water applied as runon. The plot received 3.76 cm of rain from the in-ground 481 
system, post-planting. Multiplying this amount over the area of each VFS (3.76 cm x 4.6 482 
m x 0.91 m) produces a calculated rainfall volume of 157.4 L of rain delivered to each 483 
VFS over the 2-hr rainfall event. When combined with the 96.2 L of runon water a total 484 
of 253.6 L of water was added to each of the VFS. A total of 3,043.2 L (253.6 L x 12) of 485 
water was applied to the runon plot. 486 
The water retained by the VFS is assumed to be the total volume of applied water 487 
minus the water that left the VFS as runoff. The percent of water retained by a VFS is 488 
determined by subtracting the runoff volume from the total volume applied, dividing by 489 
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the total applied water and multiplying by 100. The treatments therefore retained: 90.4, 490 
99.6, 99.6 and 99.3 % of the total applied water for UVFS, succession, mixture, and 491 
turfgrass treatments, respectively (Fig. 14). 492 
 493 
Figure 14: Average percent of total applied water (rainfall and runon) retained by four 494 
VFS treatments (UVFS, succession, mixture, and turfgrass) during a 1-yr rain event 495 
generated by the in-ground system, post-planting. 496 
 497 
b) Overhead Simulated-Rainfall System. 498 
The total volume of runoff collected from the 12 individual VFS during a 1-yr 499 
rain event using the overhead simulated-rainfall system was 390.5 L with a range of 0.69 500 
L to 143.96 L. The average runoff volumes generated from UVFS, succession, mixture 501 
and turfgrass treatments were 103.46 ± 43.35, 17.29 ± 21.16, 4.63 ± 5.53 and 4.59 ± 1.00 502 
L, respectively (Fig. 15).  503 
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There was a significant difference [p < 0.05, t(10) = 6.29, p < 0.001] in the 504 
volumes of runoff generated from vegetated (succession, mixture, and turfgrass) versus 505 
UVFS treatments, resulting in an 83.3 %, 95.5 %, and 95.6 % reduction by succession, 506 
mixture and turfgrass treatments, respectively (Fig. 15). This finding confirms that 507 
vegetation significantly changed the hydraulic nature of the 9 VFS in the runon plot that 508 
contained plantings. Again, the vegetation appeared to slow the flow of water 509 
significantly enough for it to infiltrate into the soil, instead of leaving the VFS as runoff. 510 
 511 
Figure 15: Average total volume of runoff water collected from each treatment during a 512 
1-yr rain event generated with the overhead simulated-rainfall system. The percent of 513 
runoff reduction by vegetated treatments (succession, mixture, and turfgrass) when 514 
compared with UVFS treatment is displayed above the vegetated treatments. The symbol 515 
* is used to denote statistically significant (p < 0.05) reductions in runoff volume using 516 
an unpaired t-test. 517 
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Using the method described above, it was calculated that the plot received 5.84 519 
cm of rain during the 1-yr rain event applied by the overhead system. Multiplying this 520 
over the area of each VFS (5.84 cm x 4.6 m x 0.91 m) results in a calculated rainfall 521 
volume of 244.5 L of rain delivered to each VFS over the 2-hr rainfall event. When 522 
combined with the 96.2 L of runon water a total of 340.7 L of water was added to each 523 
VFS. A total of 4,088.4 L (340.7 L x 12) of water was delivered to the runon plot. Using 524 
the calculation described previously, the treatments retained 69.6, 94.9, 98.6 and 98.7 % 525 
of the total applied water for UVFS, succession, mixture, and turf treatments, respectively 526 
(Fig. 16). 527 
 528 
 529 
Figure 16: Average percent of total applied water (rain and runon) retained by four VFS 530 
treatments (UVFS, succession, mixture, and turfgrass) during a 1-yr rain event generated 531 
by the overhead simulated-rainfall system. 532 
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c) Comparison of In-ground Irrigation and Overhead Simulated- 534 
Rainfall Systems. 535 
Comparison of the runoff volumes generated during a 1-yr rain event simulated 536 
by either the in-ground irrigation or the overhead simulated-rainfall system shows that the 537 
runoff volumes generated by the overhead simulated-rainfall system are consistently 538 
higher than the runoff volumes generated by the in-ground irrigation for each treatment 539 
(Table 5). An average of 7.7  7.8 L (3.1  3.0 %) was collected from each VFS during 540 
the in-ground irrigation event and an average of 32.5  17.8 L (9.6  5.2 %) was 541 
collected from each VFS during the overhead stimulated-rainfall event. There was 542 
therefore a 322 % increase in the average volume of runoff water collected from VFS 543 
during the overhead versus the in-ground events.  544 
Table 5: Average runoff of triplicated replicates ± standard deviations and percent of total 545 
applied water (rain and runon) for four VFS treatments during 1-yr rain events simulated 546 
by in-ground irrigation or the overhead simulated-rainfall systems. 547 
VFS Treatment In-ground in L 
(% applied water) 
Overhead in L 
(% applied water) 
UVFS 27.0  28.3 
 (10.7  11.2 %) 
103.5  43.4 
(30.3  12.7 %) 
Succession 1.0  0.7 
(0.4  0.3 %) 
17.3  21.2 
(5.1  6.2 %) 
Mixture 0.9  0.5 4.6  5.5 
   
46 
(0.4  0.2 %) (1.4  1.6 %) 
Turfgrass 1.7  0.8 
(0.7  0.3 %) 
4.59  1.0 
(1.4  0.3 %) 
Total 7.7  7.6 
(3.1  3.0 %) 
32.5  17.8 
(9.5  5.2 %) 
 548 
The difference in runoff volumes generated using the in-ground irrigation versus 549 
the overhead simulated-rainfall system was significant [paired two-tail t-test, p < 0.05, 550 
t(11) = 2.26, p = 0.045] (Table 6). 551 
 552 
Table 6: Total runoff volumes (L) and percent of total applied water (rain and runon) for 553 
each VFS during 1-yr rain events simulated by in-ground irrigation or overhead 554 
simulated-rainfall systems. 555 
VFS Treatment VFS # In-ground in L 
(% applied water) 
Overhead in L 
(% applied water) 
UVFS 3 16.4 
(6.5 %) 
144.0 
(42.3 %) 
 5 59.1 
(23.3 %) 
108.7 
(31.9 %) 
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 12 5.6 
(2.2 %) 
57.7 
(16.9 %) 
Succession 2 0.3 
(0.1 %) 
41.5 
(12.2 %) 
 8 1.7 
(0.7 %) 
2.3 
(0.7 %) 
 9 1.0 
(0.4 %) 
8.1 
(2.4 %) 
Mixture 4 1.1 
(0.4 %) 
11.0 
(3.2 %) 
 6 0.3 
(0.1 %) 
0.7 
(0.2 %) 
 9 1.3 
(0.5 %) 
2.3 
(0.7 %) 
Turfgrass 1 1.3 
(0.5 %) 
5.7 
(1.7 %) 
 7 1.2 4.2 
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(0.5 %) (1.2 %) 
 10 2.6 
(1.0 %) 
3.9 
(1.1 %) 
Total  91.9 
(3.0 %) 
390.0 
(9.5 %) 
 556 
Using a two-tailed paired t-test, there was no significant difference (p > 0.05) in 557 
runoff volumes generated from any of the treatments [UVFS: t(2) = 2.99, p = 0.10, 558 
succession: t(2) = 1.29, p = 0.33, mixture: t(2) = 1.23, p = 0.35, turfgrass: t(2) = 3.24, p = 559 
0.08] when using the in-ground irrigation versus the overhead simulated-rainfall systems 560 
(Fig. 17).  561 
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 562 
Figure 17: Average total runoff volumes (L) collected from each treatment (UVFS, 563 
succession, mixture, and turfgrass) during a 1-yr rain event generated by an in-ground 564 
irrigation system or the overhead simulated-rainfall system. There was a significant 565 
difference (p < 0.05) in the volume of water collected during the two rain events, but not 566 
from the individual treatments, using a two-tailed paired t-test. 567 
 568 
The higher runoff volumes generated by the rainfall simulated by the overhead 569 
(390.0 L) versus in-ground system (91.9 L) were likely due to the larger quantity of water 570 
applied to the runon plot during the two events (4,088.4 L for the overhead system versus 571 
3,043.2 L for the in-ground system). Using the method described previously, the plot 572 
retained 97.0  6.6 % of applied water during 1-yr event utilizing the in-ground system 573 
and 90.4  14.0 % using the overhead system (Table 7). 574 
Table 7: Percent of total applied water (rain and runon) retained by each VFS during 1-yr 575 
rain events simulated by either the in-ground irrigation or the overhead simulated-rainfall 576 
system. 577 
VFS Treatment VFS # In-ground Overhead 
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UVFS 3 93.5 57.9 
 5 76.7 68.1 
 12 97.8 83.1 
Succession 2 99.9 87.6 
 8 99.3 99.3 
 9 99.6 97.6 
Mixture 4 99.6 96.8 
 6 99.9 99.8 
 9 99.5 99.3 
Turfgrass 1 99.5 98.3 
 7 99.5 98.8 
 10 99.0 98.9 
Total  97.0  6.6 % 90.4  14.0 % 
 578 
A two-tailed paired t-test showed there was a significance when p < 0.10 but no 579 
significant difference in the total applied water retained by the VFS using the in-ground 580 
irrigation versus overhead systems [t(11) = 2.15, p = 0.06] (Table 8) when p < 0.05. 581 
 582 
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Table 8: Average percent of total applied water (rain and runon) retained by four VFS 583 
treatments (UVFS, succession, mixture and turfgrass) during 1-yr rain events simulated 584 
utilizing in-ground irrigation or overhead simulated-rainfall systems. 585 
 In-ground Overhead 
UVFS 89.3  11.2 % 69.6  12.7 % 
Succession 99.6  0.3 % 94.9  6.3 % 
Mixture 99.6  0.2 % 98.6  1.6 % 
Turfgrass 99.3  0.3 % 98.6  0.3 % 
Total 97.0  6.6 % 90.4 14.0 % 
 586 
 587 
A paired t-test was conducted to compare the average total applied water retained 588 
by VFS utilizing the in-ground versus overhead systems for each treatment. There was no 589 
significant difference (p > 0.05) in the average total water retained by UVFS [t(2) = 2.39, 590 
p = 0.14], succession [t(2) = 1.26, p = 0.34], mixture [t(2) = 1.17, p = 0.36], or turfgrass 591 
[t(2) = 2.10, p = 0.17] during the two events (Table 8) (Fig 18).  592 
 593 
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 594 
Figure 18: Average total applied water retained (%) during a 1-yr rain event generated 595 
with in-ground irrigation or overhead simulated-rainfall systems. There was no 596 
significant difference (p > 0.05) in the volume of runoff generated during the two events, 597 
using a two-tailed paired t-test. There were also no significant differences in the percent 598 
of applied water retained within treatments. 599 
 600 
3. Runoff Volumes from VFS during a 5-yr Rain Event Applied Using 601 
an Overhead Simulated-Rainfall System. 602 
The total runoff volumes collected from the runon plot over all treatments (UVFS, 603 
succession, mixture, and turfgrass) during the 5-yr rain event generated by the overhead 604 
simulated-rainfall system was 1336.82 L with a range of 12.80 L to 382.61 L. The 605 
average total runoff volumes generated by UVFS, succession, mixture and turfgrass 606 
treatments were 297.04 ± 75.23, 89.81 ± 0.33, 39.63 ± 16.97 and 19.13 ± 10.10 L, 607 
respectively (Fig. 19).  608 
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 609 
Figure 19: Average total runoff volumes collected from treatments (UVFS, succession, 610 
mixture, and turfgrass) during the 5-yr rain event generated by the overhead simulated- 611 
rainfall system. The percent change in runoff volumes from vegetated VFS (succession, 612 
mixture, and turfgrass) when compared with volume from UVFS is indicated above the 613 
vegetated treatments. The symbol * is used to denote statistically significant (p < 0.05) 614 
decreases in runoff volume using an unpaired t-test. 615 
 616 
The differences in runoff volume produced from UVFS versus vegetated VFS 617 
during the 5-yr rain event were significant [p < 0.05, t(9) = 7.75, p < 0.0001] (Fig 19). 618 
There was a 69.8, 86.7, and 93.6 % reduction caused by the succession, mixture, and 619 
turfgrass treatments, respectively. From the data, it can be inferred that the vegetation 620 
significantly affected the hydraulics of the VFS during the 5-yr rain event as well. 621 
As with the 1-yr event, the amount of rain delivered to the individual VFS must 622 
be included in the calculation of total applied water for the 5-year events. A height of 623 
10.65 cm of rain was applied to the runon plot during the 5-yr rain event. Multiplying this 624 
height over the area of the VFS (10.65 cm x 4.6 m x 0.91 m) resulted in a calculated 625 
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rainfall volume of 445.8 L of rain delivered to each VFS over the 2-hr rainfall event. 626 
When combined with the 235.07 L of runon water, a total of 680.9 L of water was added 627 
to each VFS. A total of 8,170.8 L (680.9 L x 12) of water was applied to the runon plot 628 
during the 5-yr event. From this, 56.4, 86.8, 94.2 and 97.2 % of the total applied water 629 
was retained for UVFS, succession, mixture, and turfgrass treatments, respectively (Fig. 630 
20). 631 
 632 
 633 
 634 
Figure 20: Average percent of total applied water (rain and runon) retained by four VFS 635 
treatments (UVFS, succession, mixture, or turfgrass) during a 5-yr rain event generated 636 
by the overhead simulated-rainfall system. 637 
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4. Comparison of Runoff Volumes from VFS during 1- and 5-yr Rain 639 
Events Applied Using an Overhead Simulated-Rainfall System. 640 
 The total runoff volumes generated from VFS treatments were significantly (p < 641 
0.05) higher during the 5-yr rain event than the 1-yr rain event (Table 9), using a two- 642 
tailed paired t-test [t(11) = 3.30, p = 0.007]. Comparison of average runoff volumes 643 
generated during the 1- versus 5-yr rain events shows that the runoff volumes generated 644 
during the 5-yr event were consistently higher than during the 1-yr event (Fig. 21, 645 
below). An average of 32.5  17.8 L (9.5  5.2 %) was collected from each VFS during 646 
the 1-yr event and an average of 111.4  25.7 L (16.4  3.8 %) was collected from each 647 
VFS during the 5-yr event (Table 11). There was therefore a 242.8 % increase in the 648 
average volume of runoff water collected from VFS during the 5- versus 1-yr events. 649 
Table 9: Total runoff volumes (L) and percent of total applied water for four VFS 650 
treatments during either 1- or 5-yr rain events simulated by overhead simulated-rainfall 651 
system. 652 
VFS Treatment VFS # 1-yr in L 
(% applied water) 
5-yr in L 
(% applied water) 
UVFS 3 144.0 
(42.3 %) 
241.3 
(35.5 %) 
 5 108.7 
(31.9 %) 
382.6 
(56.0 %) 
 12 57.7 267.2 
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(16.9 %) (39.1 %) 
Succession 2 41.5 
(12.2 %) 
90.2 
(13.2 %) 
 8 2.3 
(0.7 %) 
89.6 
(13.1 %) 
 9 8.1 
(2.4 %) 
89.6 
(13.1 %) 
Mixture 4 10.9 
(3.2 %) 
48.7 
(7.1 %) 
 6 0.7 
(0.2 %) 
50.1 
(7.3 %) 
 11 2.3 
(0.7 %) 
20.1 
(2.9 %) 
Turfgrass 1 5.7 
(1.7 %) 
12.8 
(1.9 %) 
 7 4.2 
(1.2 %) 
13.8 
(2.0 %) 
   
57 
 10 3.9 
(1.1 %) 
30.8 
(4.5 %) 
Total  390.1 
(9.6 %) 
1336.8 
(16.3 %) 
 653 
 654 
Table 10: Average runoff from triplicated replicates ± standard deviations and percent of 655 
total applied water for four VFS treatments during either 1- or 5-yr rain events simulated 656 
by the overhead simulated-rainfall system. 657 
VFS Treatment 1-yr in L 
(% applied) 
5-yr in L 
(% applied) 
UVFS 103.5  43.4 
(30.3  12.7 %) 
297.0  75.2 
(43.6  11.1 %) 
Succession 17.3  21.2 
(51.1  6.3 %) 
89.8  0.3 
(13.2  0.1 %) 
Mixture 4.6  5.5 
(1.4  1.6 %) 
39.6  17.0 
(5.8  2.5 %) 
Turfgrass 4.95  1.0 19.1  10.1 
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(1.3  0.3 %) (2.8  1.5 %) 
Total 32.5  17.8 
(9.5  5.2 %) 
111.4  25.7 
(16.4  3.8 %) 
 658 
 659 
The average runoff volume collected during the 5-yr rain event from succession 660 
VFS was significantly higher [p < 0.05, t(2) = 5.91, p = 0.03] than during the 1-yr rain 661 
event, at the 0.05 α level (Table 10). There was no significant difference (p > 0.05) in the 662 
average runoff volumes collected from UVFS [t(2) = 2.75, p = 0.22], mixture [t(2) = 663 
3.79, p = 0.06] or turfgrass VFS [t(2) = 1.89, p = 0.20] in the 1- versus 5-yr rain events 664 
(Fig. 21). 665 
 666 
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 667 
Figure 21: Average total runoff volumes (L) collected from each treatment (UVFS, 668 
succession, mixture, and turfgrass) during either 1- or 5-yr rain events generated by 669 
overhead simulated-rainfall system. There was a significant difference (p < 0.05) in the 670 
volume of water collected during the two rain events, and from the succession VFS, using 671 
a two-tailed paired t-test.  The symbol * is used to denote statistically significant 672 
differences. 673 
 674 
The higher runoff volumes generated by the rainfall simulated by the 5-yr (1336.8 675 
L) versus 1-yr event (390.0 L) (Table 10) were likely due to the larger quantity of water 676 
applied to the runon plot during the two events [4,088.4 L (p. 43) for 1-yr versus 8,170.8 677 
L (p. 53) for 5-yr]. Using the method described previously (p. 41) for calculating percent 678 
retained, the plot retained 90.4  14.0 % of applied water during 1-yr and 83.6  17.6 % 679 
during the 5-yr event (Table 12). Based on these percentages, it seems the efficacy of the 680 
VFS decreases as the volume of total applied water increases. 681 
The percent of total applied water retained by VFS treatments were significantly 682 
higher (p < 0.05) during the 1- versus 5-yr rain events (Table 11), using a two-tailed 683 
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paired t-test [t(11) = 2.55, p = 0.03]. Comparison of percent of total water retained by 684 
each treatment during the 1- versus 5-yr rain events shows no significant difference 685 
between treatments (Fig. 22, below). There was no significant difference (p > 0.05) in the 686 
percent of total applied water by any VFS treatment during either the 1- or 5-yr rain 687 
events using paired two-tailed t-tests [UVFS: t(2) = 1.30, p = 0.32, succession: t(2) = 688 
2.26, p = 0.15, mixture: t(2) = 3.06, p = 0.09, turfgrass: t(2) = 1.49, p = 0.27]. 689 
Table 11: Percent of total applied water retained by the four VFS treatments during either 690 
the 1- or 5-yr rain events simulated by overhead simulated-rainfall system. 691 
VFS Treatment VFS # 1-yr 5-yr 
UVFS 3 57.9 64.6 
 5 68.1 43.8 
 12 83.1 60.8 
Succession 2 87.6 86.8 
 8 99.3 86.8 
 9 97.6 86.8 
Mixture 4 96.8 92.8 
 6 99.8 92.6 
 11 99.3 97.1 
Turfgrass 1 98.3 98.1 
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 7 98.8 98.0 
 10 98.9 95.5 
Total  90.4  14.0 83.6  17.6 
 692 
An average of 90.4  14.0 % of total applied water was retained by each VFS 693 
during the 1-yr event and an average of 83.6  17.6 % of total applied water was retained 694 
by each VFS during the 5-yr event (Table 11). There was therefore an 8 % decrease in the 695 
percent of total applied water retained by VFS during the 5- versus 1-yr events.  696 
 697 
 698 
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 699 
Figure 22: Average percent of total applied water (rain and runon) retained by the four 700 
VFS treatments (UVFS, succession, mixture and turfgrass) during either 1- or 5-yr rain 701 
events generated by the overhead simulated-rainfall system. There was a significant 702 
difference (p < 0.05) in average total applied water retained (%) during the two rain 703 
events, but not from any of the VFS treatments, using a two-tailed paired t-test, the 704 
symbol * is used to denote statistically significant differences. 705 
 706 
The VFS retained more water, and were thus more effective, during the 1-yr event 707 
(90.4 %) than they were during the 5-yr event (83.6 %) (Table 12). The UVFS treatments 708 
retained an average of 69.6  12.7 % of applied water during the 1-yr event and 56.4  709 
11.1 % during the 5-yr event. The succession, mixture and turfgrass treatments 710 
respectively retained 94.9  6.3, 98.6  1.6, and 98.6  0.3 %, during the 1-yr event, an 711 
average of 97.4  3.8, and 86.8  0.1, 94.2 2.5, 97.2  1.5 % during the 5-yr event, an 712 
average of 92.7  4.9.  713 
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Table 12: Average percent of total applied water (rain and runon) retained by four VFS 715 
treatments (UVFS, succession, mixture and turfgrass) during 1- and 5-yr rain events 716 
utilizing an overhead simulated-rainfall system. 717 
 1-yr 5-yr 
UVFS 69.6  12.7  % 56.4  11.1 % 
Succession 94.9   6.3 % 86.8  0.1 % 
Mixture 98.6  1.6 % 94.2  2.5 % 
Turfgrass 98.6  0.3 % 97.2  1.5 % 
Total 90.4  14.0 % 83.6   17.6 % 
 718 
The percent increase in total applied water retained by the VFS was calculated by 719 
subtracting the average percent of total applied water retained by the UVFS from the 720 
percent of total applied water retained by the vegetated VFS and dividing this value by 721 
the percent of total applied water retained by the UVFS times 100. The VFS therefore 722 
retained 40 % more total applied water during the 1-yr event and 64 % more total applied 723 
water during the 5-yr event than UVFS. During both the 1-yr [t(10) = 6.29. p < 0.0001] 724 
and 5-yr [t(10) = 8.27, p < 0.0001] events, there was a significant difference (p < 0.05) in 725 
the percent of total applied water retained when comparing vegetated versus UVFS 726 
treatments.  727 
 728 
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5. Correlation between Rainfall Amount and Runoff Volume. 729 
 There was a correlation between the amount of rainfall applied and runoff 730 
volumes obtained on a runon plot basis. The rain event applied using in-ground irrigation 731 
provided the lowest amount of rainfall (3.76 cm) as well as the lowest volume of runoff 732 
water (91.9 L) (Table 13). The 5-yr event applied the largest amount of rain (10.65 cm) 733 
and produced the largest volume of runoff water (1336.82 L).   734 
Table 13: Rainfall amount (cm) and runoff volume (L) determined on a runon plot basis 735 
during either a 1- or 5-yr rain event applied by either in-ground irrigation or an overhead 736 
simulated-rainfall system. 737 
Rainfall Event Rainfall Amount (cm) Runoff Volume (L) 
1-yr in-ground 3.76 91.9 
1-yr overhead 5.84 390.5 
5-yr overhead 10.65 1336.82 
 738 
A Pearson’s product-moment correlation coefficient was calculated to determine 739 
the correlation between rainfall amount and runoff volume. There was a significant 740 
correlation (p < 0.05) between rainfall amount and runoff volume (r = 0.998, n = 3, p = 741 
0.04), suggesting that most of the variation in runoff volumes can be explained by the 742 
rainfall amount of the respective events (Fig. 23). The trend suggests that rain events with 743 
high rainfall amounts will produce large runoff volumes. 744 
 745 
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 746 
Figure 23: There was a significant Pearson’s product-moment correlation coefficient (p < 747 
0.05) between rainfall amount and runoff volume obtained from runon plot during rain 748 
events(r = 0.998, n = 3, p = 0.04), suggesting that rain events with high rainfall amounts 749 
will produce large runoff volumes.  750 
 751 
There was no significant correlation (p > 0.05) (r = - 0.96, n = 3, p = 0.17) 752 
between the amount of rainfall applied and percent of total applied water retained by the 753 
runon plot (Fig 24) using a Pearson’s product-moment correlation coefficient.  The rain 754 
event applied using in-ground irrigation provided the lowest amount of rainfall (3.76 cm) 755 
with the largest percent of applied water retained by the runon plot (97 %) (Table 14). 756 
The 5-yr event applied the largest amount of rain (10.65 cm) with the smallest percent of 757 
applied water retained by the runon plot (84 %). 758 
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 760 
Figure 24: There was not a significant Pearson’s product-moment correlation coefficient 761 
(p > 0.05) between rainfall amount and percent of total applied water retained by runon 762 
plot during rain events (r = - 0.96, n = 3, p = 0.17). 763 
 764 
Table 14: Rainfall amount (cm) and percent of applied water retained during 1- and 5-yr 765 
rain events simulated on VFS treatments following either in-ground irrigation or an 766 
overhead simulated-rainfall system. 767 
Rainfall Event Rainfall Amount (cm) % applied water retained 
1-yr in-ground 3.76 97 
1-yr overhead 5.84 90 
5-yr overhead 10.65 84 
 768 
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D. Hydraulic Studies Using a Bromide Tracer Method 769 
1. 1-yr Rain Event Produced by In-ground Irrigation onto non-planted 770 
VFS (Pre-planting). 771 
 Grab samples of runoff water (30 ml) were collected at 2 min intervals during a 772 
hydraulic study conducted as a 1-yr rain event utilizing in-ground irrigation using pre- 773 
planted VFS. The first four grab samples (0-8 min) collected from the bottom of each of 774 
the twelve VFS were tested for bromide. Bromide was first detected in the runoff from 775 
VFS 9 at the 0 - 2 min interval. Bromide was subsequently detected during the 2 - 4 min 776 
interval in eight of the twelve VFS (1, 2, 3, 5, 6, 8,10 and 11) and was detected during the 777 
6 - 8 min interval from VFS 4. During the first 8 min, bromide was not detected in VFS 7 778 
and 12, however, low levels of bromide (below reportable detection limit 0.100 mg/L) 779 
were detected during the 6 – 8 min sampling period from these VFS. The average time to 780 
bromide detection for these samples, assuming 8 min detection time for VFS 7 and 12, 781 
was 4.67 ± 1.78 min (Fig. 25). The time at which bromide was detected falls within two 782 
standard deviations of the mean for each VFS so the inherent hydraulic nature of the 783 
VFS, as judged by the time of bromide detection in runoff, was not significantly 784 
different.  785 
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 786 
Figure 25: Time to bromide detection in runoff from each of the 12 non-planted VFS in 787 
the runon plot during the initial hydraulic study applied as a 1-yr rain event using in- 788 
ground irrigation. 789 
 790 
2. 1-yr Rain Event Produced by In-ground Irrigation onto planted VFS 791 
(Post-planting) and UVFS. 792 
During this rain event, 30 ml grab samples were collected at 3 min intervals. 793 
During the 0 - 3 min and 3 - 6 min sampling periods, bromide was detected in 2 (VFS 3, 794 
5) of the 3 UVFS (Fig. 26). During the 27 - 30 min sampling period, all 3 UVFS (3, 5, 795 
12) were positive for bromide, indicating that the runon water had reached the bottom of 796 
the UVFS and was collected as runoff. At all three sampling periods (0 - 3, 3 - 6, and 27 - 797 
30 min), there was 1 mixture VFS (6) that tested positive for bromide. Bromide was not 798 
detected during the first 30 min of the rain event in runoff water from either succession 799 
(2, 8, 9) or turfgrass (1, 7, 10) VFS. This finding suggests that the vegetation significantly 800 
affected the hydraulic nature of the VFS. Apparently, the vegetation was able to 801 
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significantly slow the water flow in the VFS so that the runoff water, containing bromide, 802 
took a longer time to get to the bottom of the VFS. This finding also suggests that 803 
succession and turfgrass VFS were able to retard the water flow more effectively than the 804 
one mixture VFS in which bromide was detected. 805 
 806 
 807 
Figure 26: Number of VFS positive for bromide in the runoff water, indicating that the 808 
runon water had reached the bottom of these VFS, during a 1-yr rain event simulated by 809 
in-ground irrigation. 810 
 811 
3. 1-yr Rain Event Produced by an Overhead Simulated-Rainfall System 812 
onto Planted VFS (Post-planting) and UVFS. 813 
During the 0 - 3, 3 - 6 and 27 - 30 min sampling periods, bromide was detected in 814 
the runoff water collected from all UVFS (3,5,12) (Fig. 27). While low levels of bromide 815 
were detected in the runoff collected from 1 mixture VFS (4) during 0 - 3 and 27 - 30 min 816 
sampling periods, none was found in the 3 - 6 min sampling period. Bromide was never 817 
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detected in the other two mixture VFS (6, 11). Runoff collected from 1 of the succession 818 
VFS (2) during the 0 - 3 min and 3 - 6 min sampling periods contained bromide while 819 
runoff collected during the 27 - 30 min period from 2 (VFS 2, 9) of the 3 succession VFS 820 
contained bromide. Bromide was not detected in the runoff collected from any of the 821 
turfgrass VFS (1, 7, 10) during any of the sampling periods.  822 
 823 
 824 
Figure 27: Number of VFS positive for bromide in the runoff water, indicating that the 825 
runon water had reached the bottom of these VFS, during a 1-yr rain event simulated by 826 
an overhead simulated-rainfall system. 827 
 828 
4. 5-yr Rain Event Produced by an Overhead Simulated-Rainfall System 829 
onto Planted VFS (Post-planting) and UVFS. 830 
During the 0 - 3, 3 - 6 and 27 - 30 min sampling periods, bromide was detected in 831 
the runoff water collected from all of the UVFS (3, 5, 12) (Fig. 28). None of the runoff 832 
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water collected from vegetated treatments during the 0 - 3 min and 3 - 6 min sampling 833 
periods contained bromide. During the 27 - 30 min sampling period, runoff from 1 (VFS 834 
6) of 3 mixture and 2 (VFS 2, 8) of 3 succession VFS contained bromide. Bromide was 835 
not detected in the runoff collected from any of the turfgrass VFS (1, 7, 10) during any of 836 
the sampling periods. 837 
 838 
 839 
Figure 28: Number of VFS positive for bromide in the runoff water, indicating that the 840 
runon water had reached the bottom of these VFS, during a 5-yr rain event simulated by 841 
an overhead simulated-rainfall system. 842 
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 843 
E. Concentration of Pesticides in Runoff Water. 844 
1. Pesticide Concentrations in Runoff Following a 1-yr Rain Event 845 
Generated by an Overhead Simulated-Rainfall System. 846 
a) UVFS  847 
All five of the applied pesticides were detected in runoff from the UVFS during 848 
the 1-yr rain event (Fig. 29). Chlorpyrifos and propiconazole were not detected in the 849 
runoff from any of the vegetated treatments; however, chlorothalonil, imidacloprid, and 850 
pendimethalin were periodically detected at low levels. 851 
 852 
 853 
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 854 
Figure 29: Average % of the total applied pesticide detected in runoff from the three 855 
vegetated and one unvegetated treatment groups during a 1-yr rain event on the runon 856 
plot post-planting.  857 
During the 1-yr rain event, chlorothalonil (4.39 % ± 2.43 % of the applied 858 
pesticide), chlorpyrifos (24.36 % ± 17.74 %), imidacloprid (1.65 % ± 1.41 %), 859 
pendimethalin (33.82 % ± 18.77 %), and propiconazole (11.02 % ± 5.63 %) were 860 
detected in the runoff from UVFS (Table 15). On average, approximately 15.05 ± 15.31 861 
% of the total applied pesticides were detected in runoff water from UVFS. 862 
Table 15: Percent of pesticide applied as runon detected in the runoff from the 3 UVFS 863 
(3, 5, 12) during four 30 min collection periods following a 1-yr rain event generated by 864 
an overhead simulated-rainfall system. 865 
Pesticide 
Collection Period (30 min each) 
               With rain                                Without rain 
Chlorothalonil
Chlorpyrifos
Imidacloprid
Pendimethalin
Propiconazole
Average
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1 2 3 4 
Sum2  
 (2 hr) 
Chlorothalonil 
0.96 ± 
0.76%3 
2.10 ± 
1.21 % 
0.92 ±  
0.09 % 
0.41 ±  
0.38 % 
4.39 ±  
2.43 % 
Chlorpyrifos 
10.35 ± 7.55 
% 
5.16 ± 
3.08 % 
3.36 ±  
1.62 % 
5.49 ±  
5.49 % 
24.36 ± 
17.74 % 
Imidacloprid 
0.02 ±  
0.02 % 
1.25 ± 
1.17 % 
0.35 ±  
0.20 % 
0.02 ±  
0.02 % 
1.65 ±  
1.41 % 
Pendimethalin 
7.65 ±  
6.37 % 
15.15 ± 
8.31 % 
7.90 ±  
1.78 % 
3.12 ±  
2.30 % 
33.82 ± 
18.77 % 
Propiconazole 
2.01 ±  
1.40 % 
4.87 ± 
2.75 % 
2.54 ±  
0.14 % 
1.60 ±  
1.34 % 
11.02 ± 5.63 
% 
Average4  
4.20 ±  
4.54 % 
5.71 ± 
5.55 % 
3.01 ±  
2.99 % 
2.31 ±  
2.23 % 
[15.05 ± 
15.31 %]5 
 866 
b) Succession 867 
An estimated 0.09 ± 0.16 % of total applied pesticides were detected in runoff 868 
water collected from succession VFS during the 1-yr rain event (Table 16). 869 
Chlorothalonil, imidacloprid and pendimethalin were detected at low levels from 870 
                                                        
2 Sum of the percent of the total individual pesticide applied for all collection 
periods (in a row). 
3 Percent of the total individual pesticide applied in runoff per collection period. 
4 Average of the percent of the total individual pesticides applied in a collection 
period (in a column). 
5 Sum of the averages of the percent of the total individual pesticides applied in a 
collection period for all collection periods (sum of values in last row)(% of total 
pesticides applied in runoff). 
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succession VFS, while chlorpyrifos and propiconazole were not detected during any of 871 
the collection periods. No pesticides were detected in the runoff collected from any of the 872 
succession VFS during the fourth 30 min collection period. Chlorothalonil was detected 873 
at low levels (0.30 % ± 0.45 %) in the runoff collected from one succession VFS (2) 874 
during the first 3 collection periods and during the second period from another (9). The 875 
runoff from the third succession VFS (VFS 8) did not contain detectable levels of 876 
chlorothalonil. 877 
Pendimethalin was detected at low levels (0.10 % ± 0.14 %) from two of the three 878 
succession VFS (2, 9) during the first collection period but was not detected in the runoff 879 
collected from the third succession VFS (8) during any of the collection periods. 880 
Imidacloprid was detected at low levels (0.04 % ± 0.06 %) from two of the three 881 
succession VFS (2, 9) during the first three collection periods but was not detected in the 882 
runoff collected from the third succession VFS (8) during any of the collection periods. 883 
Table 16: Percent of pesticide applied as runon detected in the runoff from the 3 884 
succession VFS (2, 8, 9) during four 30 min collection periods following a 1-yr rain event 885 
generated by an overhead simulated-rainfall system. 886 
Pesticide 
Collection Period (30 min each) 
               With rain                               Without rain 
1 2 3 4 
Sum 
(2 hr) 
Chlorothalonil 
0.02 ± 
0.03 % 
0.25 ± 
0.37 % 
0.03 ± 0.05 
% 
ND 
0.30 ± 
0.45 % 
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Chlorpyrifos ND ND ND ND ND 
Imidacloprid 
0.01 ± 
0.02 % 
0.03 ± 
0.04 % 
0.003 ± 
0.003 % 
ND 
0.04 ± 
0.06 % 
Pendimethalin 
0.10 ± 
0.14 % 
ND ND ND 
0.10 ± 
0.14 % 
Propiconazole ND ND ND ND ND 
Average 
0.03 ± 
0.04 % 
0.06 ± 
0.11 % 
0.01 ±  
0.01 % 
ND 
[0.09 ± 0.16 
%] 
 887 
 888 
c) Mixture 889 
An estimated 0.0006 ± 0.002 % of total applied pesticides were detected in the 890 
runoff from mixture VFS during the 1-yr rain event (Table 17). Chlorothalonil and 891 
pendimethalin were each detected once at low levels in two separate runoff samples 892 
collected from mixture VFS (4,6). Chlorothalonil was detected at low levels (0.003 % ± 893 
0.003 %) in runoff from one mixture VFS (4) during the third collection period but not in 894 
any of the other mixture runoff samples. Pendimethalin was also detected at low levels 895 
(0.003%  ± 0.003 %) the runoff sample collected from VFS 6 during the first collection 896 
period. Chlorpyrifos, imidacloprid and propiconazole were not detected in any of the 897 
runoff samples collected from mixture VFS. 898 
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Table 17: Percent of pesticide applied as runon detected in the runoff from the 3 mixture 899 
VFS (4, 6, 11) during four 30 min collection periods following a 1-yr rain event 900 
generated by an overhead simulated-rainfall system. 901 
Pesticide 
Collection Period (30 min each) 
               With rain                               Without rain 
1 2 3 4 
Sum 
(2 hr) 
Chlorothalonil ND ND 
0.003 ± 
0.003 % 
ND 
0.003 ± 
0.003 % 
Chlorpyrifos ND ND ND ND ND 
Imidacloprid ND ND ND ND ND 
Pendimethalin 
0.003 ± 
0.003 % 
ND ND ND 
0.003 ± 
0.003 % 
Propiconazole ND ND ND ND ND 
Average 
0.003 ± 
0.007 % 
ND 
0.003 ± 
0.007 % 
ND 
[0.006 ± 
0.002 %] 
 902 
d) Turfgrass 903 
None of the five tested pesticides were detected in the runoff collected from 904 
turfgrass VFS during the 1-yr event (Table 18). 905 
 906 
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Table 18: None of the pesticide applied as runon was detected in the runoff from the 3 907 
turfgrass VFS (1, 7, 10) during four 30 min collection periods following a 1-yr rain event 908 
generated by an overhead simulated-rainfall system. 909 
Pesticide 
Collection Period (30 min each) 
               With rain                               Without rain 
1 2 3 4 Sum 
(2 hr) 
Chlorothalonil ND ND ND ND ND 
Chlorpyrifos ND ND ND ND ND 
Imidacloprid ND ND ND ND ND 
Pendimethalin ND ND ND ND ND 
Propiconazole ND ND ND ND ND 
Average         ND                     ND         ND                      ND [0.00%] 
 910 
2. Pesticide Concentrations in Runoff Following a 5-yr Rain Event 911 
Generated by an Overhead Simulated-Rainfall System. 912 
a) Unvegetated 913 
All five of the applied pesticides were detected in runoff from the unvegetated 914 
VFS during the 5-yr rain event (Fig. 30). Chlorpyrifos was not detected in the runoff 915 
from any of the vegetated treatments; however, chlorothalonil, imidacloprid, 916 
pendimethalin and propiconazole were periodically detected in low levels. 917 
 918 
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 919 
Figure 30: Average percent of total applied pesticide detected in runoff from treatment 920 
groups following a 5-yr rain event generated by an overhead simulated-rainfall system on 921 
VFS post-planting. 922 
 923 
During the 5-yr rain event 25.39 ± 19.76 % of the total amount of applied 924 
pesticides were detected in the runoff from unvegetated VFS (Table 19), Chlorothalonil 925 
(49.39 % ± 8.35 %), chlorpyrifos (26.07 % ± 10.32 %), imidacloprid (1.24 % ± 0.74 %), 926 
pendimethalin (16.34 % ± 4.83 %), and propiconazole (33.92 % ± 13.32 %). 927 
Table 19: Percent of pesticide applied as runon detected in the runoff from the 3 928 
unvegetated VFS (3, 5, 12) during five 30 min collection periods following a 5-yr rain 929 
event generated by an overhead simulated-rainfall system. 930 
Pesticide 
Collection Period (30 min each) 
               With rain                               Without rain 
1 2 3 4 5 
Sum 
(2 hr) 
Chlorothalonil
Chlorpyrifos
Imidacloprid
Pendimethalin
Propiconazole
Average
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Chlorothalonil 
4.48 ± 
0.10 % 
24.16 ± 
2.60 % 
12.03 ± 
2.53 % 
8.64 ± 
3.04 % 
0.09 ± 
0.09 % 
49.39 ± 
8.35 % 
Chlorpyrifos 
3.88 ± 
0.89 % 
7.50 ±  
1.61 % 
6.44 ±  
2.14 % 
8.12 ± 
5.56 % 
0.13 ± 
0.12% 
26.07 ± 
10.32 % 
Imidacloprid 
0.18 ± 
0.20 % 
0.56 ±  
0.27 % 
0.24 ±  
0.18 % 
0.25 ± 
0.09 % 
0.004 ± 
0.001 % 
1.24 ± 0.74 
% 
Pendimethalin 
1.06 ± 
0.27% 
5.31 ± 
2.71% 
4.68 ± 
0.75% 
5.25 ± 
1.05% 
0.05 ± 
0.05 % 
19.12 ± 
4.83% 
Propiconazole 
2.97 ± 
0.52 % 
8.60 ± 
3.27 % 
12.05 ± 
2.97 % 
10.15 ± 
6.30 % 
0.16 ± 
0.25 % 
33.92 ± 
13.32 % 
Average 
2.52 ± 
1.84 % 
9.23 ± 
8.90 % 
7.09 ± 
5.05 % 
6.48 ± 
3.91 % 
0.09 ± 
0.06 % 
[25.39 ± 
19.76 %] 
 931 
 932 
b) Succession 933 
A total of 0.14 ± 0.29 % of the applied pesticides were detected in the runoff from 934 
succession VFS during the 5-yr rain event (Table 20). Chlorothalonil, imidacloprid, 935 
pendimethalin and propiconazole were detected at low levels from succession VFS 936 
during the first three collection periods while chlorpyrifos was not detected in any of the 937 
collection periods. The runoff collected from the succession VFS during the fourth and 938 
fifth collection periods did not contain detectable levels of any of the pesticides applied. 939 
Chlorothalonil was detected at low levels (0.03 % ± 0.03 %) in the runoff collected from 940 
one succession VFS (8) during the first collection period and two VFS (2,8) during the 941 
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second collection period. The runoff from the third succession VFS (9) did not contain 942 
detectable levels of chlorothalonil.  943 
Imidacloprid was detected at low levels (0.003 % ± 0.003 %) from one of the 944 
three succession VFS (2) during the first collection period and from two (2, 8) during the 945 
second and third collection periods. Imidacloprid was not detected in the runoff collected 946 
from the third succession VFS (9). 947 
 Pendimethalin was not detected in the runoff from any of the succession VFS 948 
during the first collection period. Pendimethalin was detected at low levels (0.11 % ± 949 
0.20 %) during the second and third collection periods from one succession VFS (2) but 950 
not in the runoff from the other two succession VFS (8, 9). 951 
Propiconazole was detected (0.55 % ± 0.66 %) in the runoff from two of the 952 
succession VFS (2, 8) during the first and third collection periods but not in the runoff 953 
from the third VFS (9). Propiconazole was not detected in the runoff collected during the 954 
second, fourth or fifth collection periods from any of these VFS. 955 
Table 20: Percent of pesticide applied as runon detected in the runoff from the 3 956 
succession VFS (2, 8, 9) during five 30 min collection periods following a 5-yr rain event 957 
generated by an overhead simulated-rainfall system. 958 
Pesticide 
Collection Period (30 min each) 
               With rain                               Without rain 
1 2 3 4 5 
Sum 
(2 hr) 
Chlorothalonil 
0.002 ± 
0.003 % 
0.03 ± 
0.03 % ND ND ND 
0.03 ±  
0.03 % 
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Chlorpyrifos ND ND ND ND ND ND 
Imidacloprid 
0.0002 ± 
0.0003 % 
0.003 ± 
0.003 
0.0002 ± 
0.0003 % ND ND 
0.003 ± 
0.003 % 
Pendimethalin ND 
0.11 ± 
0.19 % 
0.002 ± 
0.003 % ND ND 
0.11 ± 0.20 
% 
Propiconazole 
0.51 ± 
0.58 % ND 
0.04 ± 
0.07 % ND ND 
0.55 ± 0.66 
% 
Average 
   0.10 ± 
0.23 % 
0.0. ± 
0.05 % 
0.01 ± 
0.02 % ND ND 
[0.14 ± 0.29 
%] 
 959 
c) Mixture 960 
A total of 0.04 ± 0.05 % of applied pesticides were detected in the runoff water 961 
from mixture VFS during the 5-yr rain event (Table 21). None of the pesticides applied as 962 
runon were detected in the runoff collected from mixture VFS during the fourth and fifth 963 
collection periods. Chlorothalonil, imidacloprid, pendimethalin and propiconazole were 964 
each detected at low levels in at least one runoff sample collected from the three mixture 965 
VFS during the first three collection periods.  Chlorpyrifos was not detected in the runoff 966 
from any mixture VFS. 967 
Chlorothalonil was detected at low levels (0.05 % ± 0.07 %) in runoff from one 968 
mixture VFS (6) during the first collection period, two during the second (4, 6) and two 969 
during the third (6, 11).  970 
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Imidacloprid was detected at low levels (0.004 % ± 0.007 %) in the runoff from 971 
one mixture VFS (6) during the first three collection periods. Imidacloprid was not 972 
detected in the runoff from either of the other two mixture VFS (4, 11).  973 
Pendimethalin was not detected in the runoff collected during the first two 974 
collection periods. Pendimethalin was detected in the runoff from two mixture VFS (6, 975 
11) during the third collection period at low levels (0.08 % ± 0.13 %). Pendimethalin was 976 
not detected in the runoff from VFS 4.  977 
Propiconazole was detected at low levels (0.03 % ± 0.002 %) from one mixture 978 
VFS (11) during the first collection period and two VFS (6, 11) during the third 979 
collection period. It was not detected from any mixture VFS during the second collection 980 
period. Propiconazole was not detected in the runoff from VFS 4 during any of the 981 
collection periods.  982 
Table 21: Percent of pesticide applied as runon detected in the runoff from the 3 mixture 983 
VFS (4, 6, 11) during five 30 min collection periods following a 5-yr rain event generated 984 
by an overhead simulated-rainfall system. 985 
Pesticide 
Collection Period (30 min) 
               With rain                               Without rain 
1 2 3 4 5 
Sum 
(2 hr) 
Chlorothalonil 
0.02 ± 
0.03 % 
0.02 ± 
0.02 % 
0.01 ± 
0.01% 
ND ND 
0.05 ±  0.07 
% 
Chlorpyrifos ND ND ND ND ND ND 
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Imidacloprid 
0.001 ±  
0.001% 
0.003 ±  
0.004 % 
0.001 ±  
0.001 % 
ND ND 
0.005 ±  
0.007 % 
Pendimethalin ND ND 
0.08  ±  
0.13% 
ND ND 
0.08 ± 0.13 
% 
Propiconazole 
0.004 ±  
0.001 % 
ND 
0.03 ±  
0.001 % 
ND ND 
0.03 ±  
0.002 % 
Average 
0.01 ± 
0.01 % 
0.01 ±  
0.01 % 
0.02 ±  
0.03 % 
ND ND 
[0.04 ±  
0.05 %] 
 986 
d) Turfgrass 987 
None of the five selected pesticides were detected in the runoff collected from 988 
turfgrass plots during the 5-yr event (Table 22). 989 
Table 22: None of pesticide applied as runon was detected in the runoff from the 3 990 
turfgrass VFS (1, 7, 10) during five 30 min collection periods following a 5-yr rain event 991 
generated by an overhead simulated-rainfall system. 992 
Pesticide 
Collection Period (30 min) 
               With rain                               Without rain 
1 2 3 
4 
5 
Sum 
(2-hr) 
Chlorothalonil ND ND ND ND ND ND 
Chlorpyrifos ND ND ND ND ND ND 
Imidacloprid ND ND ND ND ND ND 
Pendimethalin ND ND ND ND ND ND 
Propiconazole ND ND ND ND ND ND 
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Average ND ND ND ND ND [0.0 %] 
 993 
 994 
3. Comparison of Pesticide Concentrations in Runoff Collected During 995 
the 1-yr versus 5-yr Rain Event  996 
a) UVFS 997 
 All five pesticides where detected in runoff during each of the collection periods 998 
in both the 1- and 5-yr rain events (Tables 15 and 19). Fold change was calculated using 999 
the difference between the 5- and 1-yr values, divided by the 1-yr value. Using the sum of 1000 
the averages of the percent of total pesticides applied detected in runoff values, the 5-yr 1001 
event (25.39 %) resulted in 0.7-fold more pesticides detected in runoff compared with the 1002 
1-yr event (15.05 %).  Individually, chlorothalonil increased the most (10.3-fold), 1003 
followed by propiconazole (2.1-fold) and chlorpyrifos (0.1-fold). Imidacloprid and 1004 
pendimethalin decreased 0.2- and 0.5-fold, respectively.  1005 
Individually, pendimethalin (33.82 %) was detected at the highest amount from 1006 
the 1-yr UVFS and chlorothalonil (49.39 %) was the highest for the 5-yr UVFS. 1007 
Imidacloprid was detected in the lowest level of the five pesticides studied from both the 1008 
1- and 5-yr UVFS (1.65 and 1.24 %, respectively).  1009 
 The increase in the percent of applied chlorothalonil (1025 % increase during the 1010 
5-yr event) detected in the runoff water from UVFS during the 5- versus 1-yr rain events 1011 
was significant [p < 0.05, t(2) = 21.98,  p= 0.002] using a two-tailed paired t-test (Fig. 1012 
31). There were no significant differences (p > 0.05) in the percent of chlorpyrifos (7.0 % 1013 
increase) [t(2) = 0.19, p = 0.87], imidacloprid (25.4 % decrease) [t(2) = 0.70, p = 0.56] or 1014 
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pendimethalin (51.7 % decrease) [t(2) = 1.88, p = 0.20] detected in runoff from 1015 
unvegetated VFS when the 1- and 5-year rain events were similarly compared. There was 1016 
a significant difference in the percent of applied propiconazole (207.8 % increase) [t(2) = 1017 
3.32, p = 0.08] when p < 0.10, but not p < 0.05.  1018 
 1019 
 1020 
Figure 31: Sum of the percent of total applied pesticide detected in runoff over the entire 1021 
collection period from UVFS during the 1- versus 5-yr rain events using the overhead 1022 
simulated-rainfall system. The change in the sum of percent of applied pesticide detected 1023 
in runoff when 1-yr compared with 5-yr event is indicated above each pesticide. The 1024 
asterisk (*) denotes statistically significant (p < 0.05) changes using a two-tailed paired t- 1025 
test. 1026 
 1027 
b) Succession 1028 
 Fold change between vegetated and UVFS was calculated using the difference 1029 
between the vegetated and UVFS values, divided by vegetated value. Following the 1-yr 1030 
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rain events, the succession VFS had 166.2-fold less pesticides detected in runoff when 1031 
compared with the unvegetated VFS using sum of the averages of the percent of total 1032 
pesticide applied detected in runoff values (0.09% versus 15.05%, respectively) (Tables 1033 
15 and 16). Following the 5-yr rain events, the succession VFS had 180-fold less 1034 
pesticides detected in runoff when compared with the unvegetated VFS (0.14% versus 1035 
25.39%, respectively) (Tables 19 and 20).   1036 
Only three of the five pesticides applied were detected in runoff from the 1-yr 1037 
succession VFS and only four of the five in the 5-yr succession VFS (Tables 16 and 20).  1038 
Pesticides were detected in only seven of the twenty collections made during the four 30 1039 
min collection periods from the 1-yr succession VFS versus nine for the 5-yr succession 1040 
VFS. Using the sum of the averages of the percent of total pesticide applied detected in 1041 
runoff values, the 5-yr event resulted in 0.6-fold more pesticides detected in runoff 1042 
compared with the 1-yr event (0.14 versus 0.09%, respectively).   1043 
Individually, Chlorothalonil (0.30 %) was detected at the highest amount from the 1044 
1-yr succession VFS and propiconazole (0.55%) was the highest for the 5-yr succession 1045 
VFS (Table 16). Of the detected pesticides, imidacloprid was detected in the lowest 1046 
amount from both the 1- and 5-yr succession VFS (0.04 and 0.003 %, respectively). No 1047 
pesticide was detected in any sample following the 3rd collection period from either the 1- 1048 
or 5-yr succession VFS.  1049 
There were no significant differences (p > 0.05) in the percent change of total 1050 
applied chlorothalonil (90 % decrease from 1- versus 5-yr) [t(2) = 1.10, p = 0.39], 1051 
chlorpyrifos (ND), imidacloprid (92.5 % decrease from 1- versus 5-yr) [t(2) = 1.05, p = 1052 
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0.40],  or pendimethalin (10 % increase from 1- versus 5-yr) [t(2) = 0.57, p = 0.62] 1053 
detected in the runoff from succession VFS when the 1- and 5-yr rain events were 1054 
compared (Fig. 32).  1055 
Propiconazole was detected during the 5-yr rain event but not during the 1-yr rain 1056 
event. To determine the % increase in this case, ½ the LOQ (0.05 ug/L) was used as the 1057 
detection level. This detection concentration was multiplied by the total runoff volume 1058 
collected from each of the three succession VFS to determine a theoretical µg amount 1059 
coming off of each VFS. That value was then divided by the amount of propiconazole 1060 
applied to the VFS to determine the percent of applied pesticide detected in runoff. These 1061 
values were so small, however, that when compared to the 5-yr values, there was a 1062 
calculated 2,794.63 % increase in the amount of propiconazole detected. Nevertheless, 1063 
there is no statistical difference [p > 0.05, t = 1.36, df = 2, pr (t = 1.36) = 0.31] between 1064 
the small amount of propiconazole detected during the 5-yr rain event and the non-detects 1065 
during the 1-yr rain event. 1066 
Chlorpyrifos was not detected during either the 1- or 5-yr events from the 1067 
succession VFS. 1068 
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 1069 
 1070 
Figure 32: Sum of the percent of total applied pesticide detected in runoff over the entire 1071 
collection period from succession VFS during the 1- versus 5-yr rain events using the 1072 
overhead simulated-rainfall system. The change in the sum of percent of applied pesticide 1073 
detected in runoff when 1-yr is compared with 5-yr event is indicated above each 1074 
pesticide. The change in average percent of applied pesticide detected in runoff was not 1075 
statistically significant (p > 0.05) for any of the pesticides using a two-tailed paired t-test. 1076 
 1077 
c) Mixture 1078 
Following the 1-yr rain events, the mixture VFS had 2,149-fold less pesticides 1079 
detected in runoff when compared with the unvegetated VFS using the sum of the 1080 
averages of the percent of total pesticide applied detected in runoff values (0.007% versus 1081 
15.05%, respectively) (Tables 17 and 15). Following the 5-yr rain events, the mixture 1082 
VFS had 634-fold less pesticides detected in runoff when compared with the unvegetated 1083 
VFS (0.04% versus 25.39%, respectively) (Tables 21 and 19).   1084 
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Only two of the five pesticides applied were detected in runoff from the 1-yr 1085 
mixture VFS and only four of the five in the 5-yr mixture VFS (Tables 17 and 21).  1086 
Pesticides were detected in only two of the twenty collections made during the four 30 1087 
min collection periods from the 1-yr mixture VFS versus nine for the 5-yr mixture VFS. 1088 
Using the sum of the averages of the percent of total pesticide applied detected in runoff 1089 
values, the 5-yr mixture VFS resulted in 5-fold more pesticides detected in runoff 1090 
compared with the 1-yr event (0.04 versus 0.007%, respectively).   1091 
Individually, only chlorothalonil (and pendimethalin were detected from the 1-yr 1092 
mixture VFS, both at equal amounts (0.003 %). Pendimethalin (0.08 %) was the highest 1093 
for the 5-yr mixture VFS followed by chlorothalonil (0.05 %). Imidacloprid was not 1094 
detected from the 1- yr mixture VFS and was the lowest (0.004 %) detected pesticide 1095 
from the 5-yr mixture VFS. No pesticide was detected in any sample following the 3rd 1096 
collection period from either the 1- or 5-yr mixture VFS. There were large percent 1097 
increases from 1-yr to 5-yr in the percent of applied pesticide detected in the runoff, but 1098 
because the values were all so low they were not statistically different (p > 0.05) (Fig. 1099 
33). There was no significant difference in the percent of chlorothalonil (1567 % increase 1100 
from 1- versus 5-yr) [t(2) = 1.16, p = 0.36] or pendimethalin (2567 % increase from 1- 1101 
versus 5-yr)[t(2) = 1.10, p = 0.39]. 1102 
Imidacloprid and propiconazole were detected during the 5-yr rain event but not 1103 
during the 1-yr rain event. As with the succession VFS, ½ LOD (0.05 ug/L) was used to 1104 
calculate the percent increase from treatments with no detectable amounts of pesticide. 1105 
Using these calculated values, there was no significant (p > 0.05) increase in the percent 1106 
of applied imidacloprid [t(2) = 1.00, p = 0.42], or propiconazole [t(2) = 1.84, p = 0.21] 1107 
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detected in the runoff from mixture VFS during the 1- versus 5-yr rain events. 1108 
Chlorpyrifos was not detected during either the 1- or 5-yr rain event.  1109 
 1110 
Figure 33: Sum of the percent of total applied pesticide detected in runoff over the entire 1111 
collection period from mixture VFS during the 1- versus 5-yr rain events using the 1112 
overhead simulated-rainfall system. The change in the sum of the percent of applied 1113 
pesticide detected in runoff when 1-yr event is compared with the 5-yr is indicated above 1114 
each pesticide. The change in average percent of applied pesticide detected in runoff was 1115 
not significant (p > 0.05) for any of the pesticides using a two-tailed paired t-test. 1116 
 1117 
d) Turfgrass 1118 
Pesticides were not detected in the runoff water in any of the collection periods 1119 
from turfgrass VFS during either the 1-yr or 5-yr rain events (Tables 18 and 22). 1120 
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4. Correlation between the Volume of Runoff and the Percent of Total 1122 
Applied Pesticides Detected in Runoff Water 1123 
A Pearson’s Product-Moment Correlation Coefficient was calculated to determine 1124 
the relationship between runoff volume and the sum of the averages of the percent of the 1125 
total individual pesticides applied during a collection period for all collection periods (% 1126 
Total applied pesticides) detected in runoff from the four VFS treatments.  During the 1- 1127 
yr rain event, there was a significant positive correlation (p < 0.05, r = 0.99, n = 4, p = 1128 
0.01) between runoff volume and the % Total applied pesticides detected in the runoff 1129 
(Fig 34). The UVFS treatment had the greatest volume of runoff water (103.5 L) and the 1130 
highest level of pesticide contamination as determined by % Total applied pesticides 1131 
(15.1%) detected in the runoff water (Table 24). Turfgrass had the lowest volume of 1132 
runoff water (4.59 L) and the lowest level of contamination as determined by % Total 1133 
applied pesticides (0.0 %).  1134 
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 1135 
Figure 34: There was a significant positive correlation (p < 0.05) during the 1-yr event 1136 
between runoff volume and % Total applied pesticide detected in runoff using a 1137 
Pearson’s Product-Moment Correlation Coefficient (r = 0.99, n = 4, p = 0.01). 1138 
 1139 
Table 23: Runoff volume and percent (%) Total applied pesticides detected in runoff 1140 
from four VFS treatments during 1- and 5-yr rain events generated by overhead 1141 
simulated-rainfall system. 1142 
 1-yr 5-yr 
 Runoff Volume 
(L) 
% Total applied 
pesticides 
Runoff Volume 
(L) 
% Total applied 
pesticides 
Unvegetated 103.46 15.05 297.04 25.39 
Succession 17.29 0.09 89.81 0.14 
Mixture 4.63 0.007 39.63 0.04 
Turfgrass 4.59 0.0 19.13 0.0 
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 1144 
There was a similar pattern evident in the 5-yr data. UVFS generated the greatest 1145 
volume (297.0 L) of runoff water as well as the highest amount of % Total applied 1146 
pesticides (25.4 %) and turfgrass had the smallest volume of water (19.13 L) with 0 % 1147 
Total applied pesticides detected in runoff (Table 24). During the 5-yr rain event, there 1148 
was also a significant positive correlation (p < 0.05, r = 0.97, n = 4, p = 0.03) between 1149 
runoff volume and % Total applied pesticides detected in runoff water (Fig 35). 1150 
 1151 
 1152 
Figure 35: There was a significant positive correlation (p < 0.05) during the 5-yr event 1153 
between runoff volume and % Total applied pesticide detected in runoff using a 1154 
Pearson’s Product-Moment Correlation Coefficient (r = 0.97, n = 4, p = 0.03). 1155 
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 1157 
 1158 
Figure 36: a) Average total volume of runoff generated from treatment groups during a 1- 1159 
yr rain event on VFS post-planting. b) Sum of the percent (%) of the total individual 1160 
pesticide applied for all collection periods detected in runoff from treatment groups 1161 
during a 1-yr rain event on VFS post-planting.  c) Average total volume of runoff 1162 
generated from treatment groups during a 5-yr rain event on VFS post-planting. d) Sum 1163 
of the % of the total individual pesticide applied for all collection periods detected in 1164 
runoff from treatment groups during a 5-yr rain event on VFS post-planting. 1165 
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There were also high correlations between the average total volume (L) of runoff 1167 
water and the sum of the percent of the total individual pesticide applied for all collection 1168 
periods detected in runoff from treatment groups during a 1-yr rain event on VFS post- 1169 
planting (Fig, 36a and b). Unvegetated VFS had the highest volume of runoff water 1170 
(103.5 L) and the highest percent of pesticide detected (4.4, 24.4, 1.7, 33.8, and 11 % for 1171 
chlorothalonil, chlorpyrifos, imidacloprid, pendimethalin and propiconazole, 1172 
respectively, see Table 15.) During the 1-yr rain event, mixture and turfgrass VFS had the 1173 
lowest volumes of runoff water (4.63, and 4.59 L, respectively) and contained either very 1174 
low or no detectable levels of applied pesticides, respectively (Fig. 36a and b). More 1175 
water was collected from the bottom of the succession VFS (17.29 L) than mixture or 1176 
turfgrass VFS, but much less than unvegetated (103.5 L). Low levels (< 0.5 %) of 1177 
chlorothalonil, imidacloprid and pendimethalin were detected from the succession plots.  1178 
A Pearson’s Product-Moment Correlation Coefficient was calculated to determine 1179 
the relationship between average runoff volume and sum of the percent of the total 1180 
individual pesticide applied for all collection periods. There were high correlations (p < 1181 
0.05) (Table 25) between average runoff volume and the sum of the percent of the total 1182 
applied pesticide for all collection periods for chlorothalonil (r = 0.998, n = 4, p = 0.002), 1183 
chlorpyrifos (r = 0.992, n = 4, p = 0.008), imidacloprid (r = 0.995, n = 4, p = 0.005), 1184 
pendimethalin (r = 0.992, n = 4, p = 0.008) and propiconazole (r = 0.995, n = 4, p = 1185 
0.008). Overall, increases in runoff volume resulted in increased pesticides detected in 1186 
the runoff water for each pesticide.  1187 
There were also high correlations between the average total volume (L) of runoff 1188 
water and the sum of the percent of the total individual pesticide applied for all collection 1189 
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periods detected in runoff from treatment groups during a 5-yr rain event on VFS post- 1190 
planting (Fig, 36a and b). Unvegetated VFS had the highest volume of runoff water 1191 
(297.0 L) and the highest percent of pesticide detected (49.4, 26.1, 1.2, 16.3, and 33.9 % 1192 
for chlorothalonil, chlorpyrifos, imidacloprid, pendimethalin and propiconazole, 1193 
respectively, see Table 19.) During the 5-yr rain event, mixture and turfgrass VFS had the 1194 
lowest volumes of runoff water (39.6, and 19.1 L, respectively) and contained either very 1195 
low or no detectable levels of applied pesticides, respectively (Fig. 36a and b). More 1196 
water was collected from the bottom of the succession VFS (89.8 L) than mixture or 1197 
turfgrass VFS, but much less than unvegetated (297.0 L). Low levels (< 0.5 %) of 1198 
chlorothalonil, imidacloprid and pendimethalin were detected from the succession plots.  1199 
A Pearson’s Product-Moment Correlation Coefficient was calculated to determine 1200 
the relationship between average runoff volume and sum of the percent of total individual 1201 
pesticide applied for all collection periods. There were high correlations (p < 0.05) (Table 1202 
25) between average runoff volume and the sum of the percent of the total applied 1203 
pesticide for all collection periods for chlorothalonil (r = 0.972, n = 4, p = 0.03), 1204 
chlorpyrifos (r = 0.972, n = 4, p = 0.03), imidacloprid (r = 0.973, n = 4, p = 0.03), 1205 
pendimethalin (r = 0.974, n = 4, p = 0.03) and propiconazole (r = 0.973, n = 4, p = 0.03). 1206 
Overall, increases in runoff volume resulted in increased percent of applied pesticides 1207 
detected in the runoff water for each pesticide during the 5-yr event as well. 1208 
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Table 24: Pearson’s Product-Moment Correlation Coefficients (r) calculated to determine 1209 
the relationship between average runoff volume collected from each VFS treatment and 1210 
the sum of the percent of the total individual pesticide applied for all collection periods 1211 
for each pesticide detected in the runoff. There were significant correlations (p < 0.05) 1212 
between runoff volume and the percent of pesticide detected during both the 1- and 5-yr 1213 
rain events. 1214 
Pesticide 1-yr 5-yr 
Chlorothalonil 0.998 0.972 
Chlorpyrifos 0.992 0.972 
Imidacloprid 0.995 0.973 
Pendimethalin 0.992 0.974 
Propiconazole 0.995 0.973 
 1215 
5. Correlation between the Volume of Runoff and the Percent of Total 1216 
Applied Pesticides Detected in Runoff Water by Collection Period 1217 
During the 1-yr rain event, the largest volume of runoff water (60.57 L) was 1218 
collected from the unvegetated VFS during the 3rd period. The smallest amount (0.57 L) 1219 
was collected from the unvegetated VFS during the 4th period. The largest percent of 1220 
applied chlorothalonil (2.10 %) was detected during the 2nd period, and the smallest 1221 
percent (0.41 %) was collected during the 4th. The highest percent of chlorpyrifos (10.35 1222 
%) was detected during the 1st period, while the lowest (3.36 %) was detected in the 3rd 1223 
period. The largest percent of imidacloprid (1.25 %) was detected in the 2nd period. The 1224 
smallest percent of imidacloprid (0.02 %) was detected in both the 1st and 4th periods. The 1225 
highest amount of pendimethalin (15.15 %) was detected in the 2nd period, while the 1226 
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smallest (3.12 %) was detected during the 4th. The largest percent of propiconazole (4.87 1227 
%) was detected in the 2nd period, while the smallest (1.60 %) was detected in the 4th. The 1228 
highest percent of every pesticide was detected in the second period, except 1229 
chlorothalonil. 1230 
To determine if there was a correlation between the amount of pesticide collected 1231 
in runoff water and the amount of runoff water collected during each period Pearson 1232 
Product-Moment Correlation Coefficients were calculated for each pesticide. During the 1233 
1-yr rain event there was no correlation (p > 0.05) (Fig. 37) between the runoff volume 1234 
collected from unvegetated VFS during each collection period and the percent of applied 1235 
chlorothalonil (r = 0.769, n = 4, p = 0.23), chlorpyrifos (r = 0.561, n = 4, p = 0.44), 1236 
imidacloprid (r = 0.534, n = 4, p = 0.47), pendimethalin (r = 0.755, n = 4, p = 0.25), and 1237 
propiconazole (r = 0.623, n = 4, p = 0.37) detected in the runoff water (Table 27). 1238 
Overall, there was no significant relationship between the volume of runoff water and 1239 
percent of pesticide detected in each period during the 1-yr event.  1240 
Table 25: Pearson Product-Moment Correlation Coefficient (r) calculated to determine 1241 
the relationship between volume of runoff water collected from unvegetated VFS during 1242 
each collection period and percent of applied pesticide detected. There were no 1243 
significant (p > 0.05) relationships. 1244 
Pesticide 1-yr 5-yr 
Chlorothalonil 0.769 0.586 
Chlorpyrifos 0.561 - 0.202 
Imidacloprid 0.534 0.812 
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Pendimethalin 0.755 - 0.306 
Propiconazole 0.623 0.126 
 1245 
 Pearson Product-Moment Correlation Coefficients were calculated to determine 1246 
the if there was a correlation between the amount of pesticide collected in runoff water 1247 
and the amount of runoff water collected during each period for each pesticide during the 1248 
5-yr event. There was no significant correlation (p > 0.05) (Fig. 37) between the runoff 1249 
volume collected from unvegetated VFS during each collection period and the percent of 1250 
applied chlorothalonil (r = 0.586, n = 4, p = 0.41), chlorpyrifos (r = - 0.202, n = 4, p = 1251 
0.80), imidacloprid (r = 0.812, n = 4, p = 0.19), pendimethalin (r = - 0.306, n = 4, p = 1252 
0.69), and propiconazole (r = 0.126, n = 4, p = 0.87) detected in the runoff water (Table 1253 
26). Overall, there was no significant (p > 0.05) relationship between the volume of 1254 
runoff water collected from unvegetated VFS and percent of pesticide detected in each 1255 
period during the 5-yr event either. 1256 
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 1257 
 1258 
Figure 37: a) Average total volume of runoff generated from UVFS treatment group 1259 
during a 1-yr rain event on VFS post-planting. b) Percent (%) of individual applied 1260 
pesticide detected in runoff from UVFS treatment group during a 1-yr rain event on VFS 1261 
post-planting.  c) Average total volume of runoff generated from UVFS treatment group 1262 
during a 5-yr rain event on VFS post-planting. d) Percent (%) of individual applied 1263 
pesticide detected in runoff from UVFS treatment group during a 5-yr rain event on VFS 1264 
post-planting. There was no significant correlation (p > 0.05) between the volume of 1265 
runoff water collected and the percent of applied pesticide collected during either the 1- 1266 
or 5-yr event. 1267 
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 Spearman rank correlation coeffiecents (ρ) were calculated to determine if there 1269 
was a non-linear relationship between the volume of runoff collected from unvegetated 1270 
VFS during each collection period and percent of applied pesticide detected (Table 28). 1271 
There was a significant (p > 0.05) relationship between the percent of chlorothalonil 1272 
detected and runoff volume during the 1-yr rain event. As found by the previous analysis 1273 
above, there was no significant (p > 0.05) relationship between runoff volume and the 1274 
percent of chlorpyrifos, imidacloprid, pendimethalin or propiconazole detected during the 1275 
1-yr data. There also was no significant (p > 0.05) relationship between percent of any of 1276 
the pesticides and volume of runoff during the 5-yr event. 1277 
Table 26: Spearman rank correlation coefficients (ρ) comparing volume of runoff water 1278 
collected from unvegetated VFS during each collection and percent of applied pesticide 1279 
detected. 1280 
Pesticide 1-yr 5-yr 
Chlorothalonil 1 0.4 
Chlorpyrifos 0 - 0.4 
Imidacloprid 0.63 0.32 
Pendimethalin 0.80 - 0.4 
Propiconazole 0.80 - 0.2 
 1281 
During both the 1- and 5-yr events, very low or no detectable levels of applied 1282 
pesticides were found in the runoff samples. Due to the low frequency of pesticide 1283 
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detections, correlations between pesticide amount and runoff volume could not be 1284 
calculated (Fig. 37 – 39). 1285 
 1286 
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 1288 
Figure 38: a) Average total volume of runoff generated from succession VFS during a 1- 1289 
yr rain event on VFS post-planting. b) Percent (%) of individual applied pesticide 1290 
detected in runoff from succession treatment group during a 1-yr rain event on VFS post- 1291 
planting.  c) Average total volume of runoff generated from succession VFS during a 5-yr 1292 
rain event on VFS post-planting. d) Percent (%) of individual applied pesticide detected 1293 
in runoff from succession VFS during a 5-yr rain event on VFS post-planting. Due to the 1294 
low frequency of pesticide detections, correlations between % applied pesticide and 1295 
runoff volume could not be calculated.  1296 
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 1298 
Figure 39: a) Average total volume of runoff generated from mixture VFS during a 1-yr 1299 
rain event on VFS post-planting. b) Percent (%) of individual applied pesticide detected 1300 
in runoff from mixture VFS during a 1-yr rain event on VFS post-planting.  c) Average 1301 
total volume of runoff generated from mixture VFS during a 5-yr rain event on VFS post- 1302 
planting. d) Percent (%) of individual applied pesticide detected in runoff from mixture 1303 
VFS during a 5-yr rain event on VFS post-planting. Due to the low frequency of pesticide 1304 
detections, correlations between % applied pesticide and runoff volume could not be 1305 
calculated. 1306 
 1307 
 1308 
0
10
20
30
40
50
60
70
80
90
1 2 3 4 5
R
u
n
o
ff
 v
o
lu
m
e
 (
L
)
Sampling Periodc
Chlorothalonil
Chlorpyrifos
Imidacloprid
Pendimethalin
Propiconazole
0
20
40
60
80
100
1 2 3 4 5
P
e
st
ic
id
e
%
 a
p
p
li
e
d
 p
e
st
ic
id
e
Sampling periodd
5-yr mixture
0
10
20
30
40
50
60
70
80
90
1 2 3 4
R
u
n
o
ff
 v
o
lu
m
e
 (
L
)
Sampling period
a
Chlorothalonil
Chlorpyrifos
Imidacloprid
Pendimethalin
Propiconazole
0
20
40
60
80
100
1 2 3 4
P
e
st
ic
id
e
%
 a
p
p
li
e
d
 p
e
st
ic
id
e
Sampling period
1-yr turfgrass
b
   
106 
 1309 
Figure 40: a) Average total volume of runoff generated from turfgrass VFS during a 1-yr 1310 
rain event on VFS post-planting. b) Percent (%) of individual applied pesticide detected 1311 
in runoff from turfgrass VFS during a 1-yr rain event on VFS post-planting.  c) Average 1312 
total volume of runoff generated from turfgrass VFS during a 5-yr rain event on VFS 1313 
post-planting. d) Percent (%) of individual applied pesticide detected in runoff from 1314 
mixture VFS during a 5-yr rain event on VFS post-planting. Due to the low frequency of 1315 
pesticide detections, correlations between % applied pesticide and runoff volume could 1316 
not be calculated. 1317 
6. Correlation between the Percent of Applied Pesticide Detected in 1318 
Runoff and Their Chemical Properties 1319 
Spearman rank correlation coefficient tests were used to determine the 1320 
relationship between the ranked values of water solubility, Kow and Koc values and the 1321 
percent of pesticide in runoff water. There was no significant correlation (p > 0.05) 1322 
between percent of applied pesticide detected and water solubility values. During the 1-yr 1323 
rain event, there were significant correlations between percent applied pesticide detected 1324 
from UVFS and Kow [ρ = 1, df = 3, p << 0.001] and Koc [ρ = 0.9, df = 3, p = 0.03]. This 1325 
suggests that the Kow and Koc values of compounds are closely correlated with the percent 1326 
of applied compound found in the runoff from the unvegetated VFS. There were no other 1327 
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significant correlations for the 1-yr data set. There were no significant correlations 1328 
between the ranked values for the 5-yr rain events. 1329 
 1330 
F. Concentration of Pesticides in Soil Pore Water. 1331 
No pesticides were detected in the shallow lysimeter samples collected 6 hr, 18 hr, 3 1332 
days, 7 days and 1 month following the 1-yr rain event. Pesticides were also not detected 1333 
in the deep lysimeter samples collected 1 day and 1 month following the 1-yr rain event.  1334 
G. ANOVA Analysis 1335 
 For the ANOVA analysis, 1- and 5-yr total runoff volume (L) values were 1336 
analyzed.  1337 
Table 27: VFS planting, number and total runoff volumes (L) for 1- and 5-yr rain events. 1338 
Planting VFS 1-yr (L) 5-yr (L) 
UVFS 3 144.0 241.3 
5 108.7 382.6 
12 57.7 267.2 
Succession 2 41.5 90.2 
8 2.3 89.6 
9 8.1 89.6 
Mixture 4 10.9 48.7 
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6 0.7 50.1 
11 2.3 20.1 
Turfgrass 
 
1 5.7 12.8 
7 4.2 13.8 
10 3.9 30.8 
 1339 
 For the ANOVA of pesticide concentrations, the total amount of chlorothalonil, 1340 
imidacloprid and propiconazole detected from UVFS and VFS were analyzed for the 5-yr 1341 
values only. The 1-yr values were too insignificant to make analysis meaningful. 1342 
 1343 
Planting VFS Chlorothaolnil Imidacloprid Propiconnazole 
UVFS 3 47.9 1.32 37.10 
5 53.41 1.59 30.84 
12 46.86 0.80 33.82 
Succession 2 0.07 0.01 1.27 
8 0.02 0.002 0.38 
9 0 0 0 
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Mixture 4 0.01 0 0 
6 0.12 0.01 0.06 
11 0.01 0 0.08 
Turfgrass 1 0 0 0 
7 0 0 0 
10 0 0 0 
 1344 
1. Volume of runoff water 1345 
Significant differences between UVFS and VFS treatments were detected in the 1346 
volume of runoff water using ANOVA analysis (Table A). VFS treatment was the 1347 
principal source of variation during both rain events. Variation in runoff volume due to 1348 
the single df contrast comparing vegetative to non-vegetative (UVFS) covers accounted 1349 
for 98.4 % of the total treatment variation during the 1-yr event and 94.5 % during the 5- 1350 
yr event. Single df contrasts indicated that treatment differences were due to the effects 1351 
comparing UVFS with the combined effects of vegetative covers (turfgrass, mixed, and 1352 
succession). Moreover, differences comparing vegetative covers (turfgrass, mixture and 1353 
succession) only accounted for 1.6 to 5.5% of the treatment variation. There were no 1354 
statistical differences between vegetated treatments (mixture, succession and turfgrass), 1355 
or from the effect from blocking (fast, medium, slow) during the 1-yr rain event.  1356 
Additional analysis using Least Significant Difference (LSD) values, shows 1357 
turfgrass (19 L) had significantly less runoff volume than succession (89 L) at the 1358 
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LSD(0.10) level during the 5-yr rain event (LSD(0.05) = 77.0, LSD(0.10) = 61.1). Succession 1359 
VFS produced approximately 5-fold greater runoff water than turfgrass VFS. 1360 
 1361 
Table 28: Mean squares and significance levels from ANOVA of runoff volumes (L) 1362 
from UVFS and VFS during 1- and 5-yr rain events. 1363 
 1364 
2. Pesticide Concentrations 1365 
 There were significant differences between treatments in the amount of 1366 
chlorothalonil, imidacloprid, and pendimethalin detected in runoff during the 5-yr event 1367 
(Table B). The pesticide concentrations during the 1-yr event were too low to make 1368 
meaningful comparisons. There were also no statistically significant comparisons 1369 
                                                        
6 Significance level:  
* = 0.05 
** = 0.01 
*** = 0.001 
F-test source df Mean Square 
  1-yr 5-yr 
Block 2 99.4 1599 
Treatments 3 6822.1**6 48630*** 
   UVFS vs VFS 1 20144.6 ** 137918*** 
   Turfgrass vs    
Selected plants 
     1 81.2 4196 
   Mixture vs 
Succession 
   1 240.4 3778 
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(contrasts) observed among vegetative covers in the amount of chlorpyrifos or 1370 
pendimethalin during the 5-yr event.  1371 
 1372 
Table 29: Mean squares and significance levels from ANOVA of total pesticide detected 1373 
from UVFS during 5-yr rain events. 1374 
F-test source df Total  
Chlorothalonil 
Total Imidacloprid Total 
Propiconazole 
Block 2 3.2 0.04082 2.82 
Treatments 3 1827.7*** 1.13806*** 852.90*** 
UVFS vs 
VFS 
1 5483.2*** 3.4*** 2558.15*** 
Turfgrass vs    
Selected 
plants 
1 0.0 0.0 0.18 
Mixture vs 
Succession 
1 0.0 0.0 0.38 
 1375 
 1376 
 As with the runoff volume, single df contrast comparing vegetative to non- 1377 
vegetative covers was the sole source of variation. Variation in pesticide levels due to this 1378 
single df comparison accounted for 100 % of total treatment variation in chlorothalonil, 1379 
imidacloprid, and propiconazole. 1380 
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 There were strong correlations observed between chlorothalonil (r2 = 0.949), 1381 
imidacloprid (r2 = 0.944), and propiconazole (r2 = 0.912) detected in runoff from UVFS 1382 
and VFS (n = 12) during the 5-yr event.   1383 
 Regression analysis indicated the relationship between pesticides and volume of 1384 
runoff water to be statistically significant and linear for chlorothalonil (r2 = 0.901***), 1385 
imidacloprid (r2 = 0.991***) and propiconazole (r2 = 0.832***) during the 5-yr rain 1386 
event. The data indicated that incremental increases in runoff volumes promoted greater 1387 
concentrations of these pesticides in runoff water.  Equivalently, any potential reduction 1388 
in runoff volumes may offer opportunities to reduce pesticide concentrations and their 1389 
mobility into surface water. 1390 
 1391 
1392 
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CHAPTER 4 1393 
DISCUSSION 1394 
A. Artificial Rainfall. 1395 
The in-ground irrigation system did not adequately simulate a 1-yr rain event, 1396 
applying 38.4 % less rain than calculated (Fig. 9). The overhead simulated-rainfall 1397 
system based on that used by Kramer et al. (2009) more accurately simulated a 1-yr rain 1398 
event (4.3 % less rain than calculated) but produced more simulated rainfall than 1399 
anticipated for a 5-yr rain event  (10.4 % more rain than calculated) (Fig. 11). The 5-yr 1400 
event produced 82.3 % more rain than the 1-yr event. The two events produced 1401 
significantly different levels (p < 0.05, t(38) = 3.12, p = 0.003] of rainfall; therefore, they 1402 
can be considered two separate events. 1403 
Increased rainfall increases the flow rate, which determines the contact time 1404 
between runoff water and soil and vegetation in the VFS (Popov, 2006). At higher flow 1405 
rates, the vegetation will be submerged (Helmers, 2008) and thus unable to slow the flow 1406 
of runoff water. Otto et al. (2007) noted rainfall intensity and total rainfall could strongly 1407 
influence runoff volumes. Runoff volumes in this study increased as the rainfall volumes 1408 
increased confirming these observations (Fig. 24).  The rain event utilizing in-ground 1409 
irrigation produced the lowest volume of runoff water (91.9 L) with the lowest amount of 1410 
rainfall (3.76 mm) (Table 15). The 5-yr event produced the largest runoff volume 1411 
(1336.82 L) with the largest amount of rainfall (10.65 mm). 1412 
 1413 
   
114 
B. Field Capacity. 1414 
 Plants take-up water from soil during the transpiration process. The transpiration 1415 
rate of plants thus affects the available soil pore water. The vegetated VFS treatments 1416 
would therefore be expected to have lower amounts of soil pore water compared with the 1417 
UVFS treatments. Accordingly, UVFS treatments would therefore be expected to be 1418 
closer to maximum field capacity conditions.  Within vegetated treatments, vegetated 1419 
treatments with higher transpiration rates would be expected to have lower soil pore 1420 
water amounts than vegetated VFS with lower transpiration rates. 1421 
 This trend seems to hold true for the 1-yr event (Table 4). UVFS had soil pore 1422 
water amount of 0.28 g H2O/ g dry soil and was thus at maximum field capacity (100 % 1423 
FC).  The vegetated treatments had lower soil pore water amounts (0.23 g H2O/ g dry 1424 
soil) and were 82.1 % FC.  1425 
 During the 5-yr event, the vegetative plantings appeared to demonstrate the ability 1426 
of VFS to increase infiltration. Before the runon water was applied, the rate of rain (5.33 1427 
cm/hr) applied during the 5-yr event overwhelmed the infiltration rate of the soil, causing 1428 
runoff water to sheet off the bottom of the UVFS while only dripping off the bottom of 1429 
the vegetated VFS. The soil in the vegetated VFS during the 5-yr event thus appeared to 1430 
be closer to field capacity than the soil of the UVFS because the vegetation was able to 1431 
slow the flow of the runoff, allowing time for the water to seep into the soil profile, 1432 
increasing the available soil pore water.  1433 
 The available soil pore water was 0.23 g H2O/ g dry soil (83.2 % FC) in the 1434 
UVFS during the 5-yr event (Table 4). In the vegetated VFS, the available soil pore water 1435 
ranged from 0.24 (turfgrass) – 0.27 (mixture) g H2O/ g dry soil (85.7 – 95.2 % FC, 1436 
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average of 90.9 % FC). Turfgrass had the same available soil pore water (85.7 % FC) 1437 
during both the 1- and 5-yr events, suggesting that it is able to perform equally well 1438 
during both extreme scenarios. Turfgrass was able to slow down the flow of the runoff 1439 
water allowing the runon water and rain to penetrate into the soil. The high transpiration 1440 
rate of the established turf was able to lower the available soil pore water (85.7 %) more 1441 
than the succession (91.7 % FC) and mixture (95.2 % FC) VFS. 1442 
 The succession and mixture VFS helped increase infiltration during the 5-yr 1443 
event, and thus the amount of available soil pore water (91.7 and 95.2 % FC, 1444 
respectively) when compared to the UVFS (83.2 % FC). The mixture VFS performed 1445 
slightly better than the succession VFS. Prior to the 5-yr rain event, the Big Blue Stem 1446 
was shaded out by the Eastern Gama Grass and died back, leaving a 0.3 m unvegetated 1447 
section at the base of each of the succession VFS. Without vegetation to slow the 1448 
momentum of the runoff in this patch, the succession VFS were not as capable as the 1449 
mixture VFS at increasing infiltration during the 5-yr event, possibly explaining the 1450 
difference in effectiveness. 1451 
 1452 
C. Runoff Volumes. 1453 
During both the 1- and 5-yr rain event, vegetated VFS produced significantly less 1454 
runoff than UVFS treatments (Fig. 21). UVFS produced the largest volumes (103.5 ± 1455 
43.4 L and 297.0 ± 75.2 L for the 1- and 5-yr rain events, respectively)(Table 10) of 1456 
runoff water, followed by succession (17.3 ± 21.2 L and 89.8 ± 0.3 L for 1- and 5-yr, 1457 
respectively) and mixture (4.6 ± 5.5 L and 39.6 ± 17.0 L for 1-yr and 5-yr, respectively). 1458 
Turfgrass (4.6 ± 1.0 L and 19.1 ±10.1 L for 1- and 5-yr, respectively) consistently 1459 
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produced the least. This result supports the findings of many previous studies that have 1460 
concluded VFS effectively lower runoff volumes (Dillaha et al., 1988, 1989; Kramer et 1461 
al., 2009; Krutz et al., 2005; Otto et al., 2008; Popov, 2006). Interaction with vegetation 1462 
slows the flow of runoff, increasing contact time between runoff water and the soil, 1463 
thereby increasing infiltration. Infiltration facilitated by interaction with vegetation is 1464 
important because it decreases surface runoff, which reduces the ability of runoff to 1465 
transport pollutants (Dillaha et al., 1988). 1466 
The vegetated treatments reduced runoff volumes 69.8 – 95.6% when compared 1467 
to UVFS (Fig. 15 and 19, respectively). The vegetated plantings increased the infiltration 1468 
of runoff water into the soil, reducing the volume of water available to be collected as 1469 
runoff.  1470 
The UVFS retained 69.7 ± 12.7 percent of total applied water (rain and runon) 1471 
during the 1-yr event and 56.4 ± 11.1 percent during the 5-yr event (Fig. 22). The 1472 
vegetated treatments retained 97.4 ±3.8 percent in the 1-yr event and 92.7 ± 4.9 percent 1473 
in the 5-yr event. There was a significant difference (p < 0.0001) in the percent of total 1474 
applied water retained by the UVFS versus vegetated VFS during both the 1- and 5-yr 1475 
rain events. These data support our finding that the vegetated plantings increased 1476 
infiltration of runoff water, thus reducing the volume of runoff water. We therefore 1477 
conclude that VFS successfully increase infiltration and thus reduce runoff volumes. The 1478 
vegetation affected field capacity by increasing infiltration. This finding is confirmed by 1479 
the trend seen in the field capacity data. 1480 
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As mentioned above, vegetation affects the available soil pore water through both 1481 
infiltration and transpiration. During the 1-yr rain event, the UVFS were at field capacity 1482 
(100 % FC) whereas the vegetated VFS were lower than field capacity (82.1 % FC) 1483 
(Table 4), demonstrating that the transpiration rate of the vegetation exceeded the 1484 
infiltration rate. The water added to the vegetated VFS was thus able to infiltrate into the 1485 
soil, significantly increasing [t(10) = 6.29, p < 0.0001] the percent of applied water 1486 
retained by the vegetated VFS when compared to the UVFS (97.4 ± 3.8 % and 69.7 ± 1487 
12.7 % of total applied water for vegetated VFS and UVFS, respectively)(Table 13).  1488 
The additional water applied to the VFS during the 5-yr rain event appears to have 1489 
overwhelmed the transpiration rates of the vegetated VFS as the soil in the vegetated VFS 1490 
was closer to field capacity (90.9% FC) than the UVFS (83.2 % FC) (Table 4). This 1491 
finding suggests that the vegetative VFS were able to slow the water and increase the 1492 
amount of water able to infiltrate the soil. As the water holding capacity of the soil was 1493 
lowered, less water was able to infiltrate into the soil of the vegetated VFS. Significantly 1494 
less [t(8) = 3.1, p = 0.02] water was retained by the vegetated VFS during the 5-yr rain 1495 
event (92.7 ± 4.9 % of total applied water) than was retained during the 1-yr rain event 1496 
(97.4 ± 3.8 % of total applied water). This result suggests that the VFS were able to 1497 
attenuate the runon and rain water more effectively during the 1-yr rain event than during 1498 
the 5-yr event. 1499 
The UVFS were lower than field capacity (83.2 % FC) during the 5-yr event, 1500 
suggesting that the water was flowing too quickly over the VFS to infiltrate into the soil.  1501 
There was no significant difference [p > 0.05, t(2) = 1.33, p = 0.32] in the percent of 1502 
applied water retained by the UVFS during the 5-yr event (56.4 ± 11.1 % total applied 1503 
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water) versus during the 1-yr event (69.7 ± 12.7 % total applied water)(Table 12). This 1504 
data confirms a suggestion made by Popov et al. (2006) that increased rainfall may 1505 
reduce total infiltration of water to a VFS by reducing infiltration rate (as shown in the 5- 1506 
yr), and not just by reducing the water holding capacity (as shown in the 1-yr). 1507 
Similarly, there was no significant difference (p > 0.05, t(2) = 2.2, p = 0.16) in the 1508 
percent of total applied water retained by succession VFS during the 1- (94.8 ± 6.3 %) 1509 
and 5-yr (86.8 ± 0 %) rain events (Table 12), suggesting they were equally effective 1510 
during both events. 1511 
 There was a difference (t(2) = 3.1, p = 0.09) in the percent of total applied water 1512 
retained by mixture VFS (98.6 ± 1.6 and 94.2 ± 2.5 % during the 1- and 5-yr events, 1513 
respectively)(Table 12) when p < 0.1 but not when p < 0.05. This result suggests that 1514 
while the mixture VFS were able to effectively mitigate runoff water during the 1-yr 1515 
event, the additional water added during the 5-yr event may have overwhelmed the 1516 
infiltration rate, lowering the effectiveness of the VFS. 1517 
There was no significant difference (p > 0.05, t(2) = 1.5, p = 0.27) in percent of 1518 
total applied water retained by turfgrass VFS (98.7 ± 0.3 and 97.2 ± 1.5  % during the 1- 1519 
and 5-yr events, respectively)(Table 12), suggesting the turfgrass treatments were equally 1520 
effective reducing runoff volumes during both the 1- and 5-yr events. 1521 
Moss et al. (2006) suggested that the dense shoot system in turfgrass VFS 1522 
provides a strong resistance to water passage, which is consistent with our finding of that 1523 
turfgrass VFS retarded runoff water most effectively. Turfgrass VFS consistently 1524 
produced the lowest runoff volumes and appeared to function in this capacity better than 1525 
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the other vegetative treatments. King and Balogh (2010) proposed that healthy, high- 1526 
density turfgrass could improve infiltration and may reduce runoff by 15-fold.  1527 
Turfgrass contains dense vegetation, generally including 300 shoots or more per 1528 
square meter (Moss et al., 2006). The thick vegetation found in turfgrass VFS forces 1529 
runoff water to flow in a shallow consistent layer, which is important for increased 1530 
infiltration. Departure from sheet flow (i.e., concentrated flow) reduces VFS 1531 
effectiveness by decreasing infiltration and sedimentation of suspended particles because 1532 
the grass stems become inundated and flow velocity is undiminished (Dillaha et al., 1533 
1989). Concentrated flow lowers the effective width of the VFS by limiting the 1534 
interactions of runoff water and soil and vegetation.  1535 
Over the course of the runoff studies (3 years), the succession and mixture 1536 
vegetated VFS evolved from their original plantings. Otto et al. (2008) observed that the 1537 
structure of herbaceous cover in VFS changes over time. By the 2010 growing season, 1538 
when the 5-yr rain event was conducted, the eastern gama grass had shaded-out the big 1539 
blue stem, leaving a 0.3 m bare patch in the succession VFS. This process could have 1540 
allowed for the increased runoff volumes observed. Without vegetation present to slow 1541 
down the water, it would not be able to infiltrate into the soil and would therefore result 1542 
in increased runoff volume. 1543 
 Following the 5-yr rain event, deep preferential pathways formed by runoff water 1544 
flowing between plants were especially evident in both the mixture and succession VFS. 1545 
Poletika et al. (2009) found concentrated flow reduced infiltration in their study. Mixture 1546 
VFS evolved and formed large isolated vegetation patches with deep gullies surrounding 1547 
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root system/rhizospheres. Preferential pathways formed in the VFS allowed the runoff 1548 
water to bypass vegetation, increasing the flow rate and decreasing infiltration.  1549 
 1550 
D. Hydraulic Studies using a Bromide Tracer. 1551 
Bromide was found to be a useful tracer to locate the front of the runoff during the 1552 
rain events and validates the findings of previous studies where potassium bromide was 1553 
successfully used as a tracer (Krutz et al., 2005). There was no significant difference in 1554 
the time it took bromide to reach the bottom of the 12 VFS pre-planting 1555 
(unvegetated)(Fig. 26). We therefore concluded that any hydraulic difference between the 1556 
VFS post-planting would be plant treatment related.  1557 
Detection of bromide in the runoff from VFS would suggest that the applied 1558 
runon water containing bromide and pesticide has reached the bottom of the VFS. The 1559 
detection of bromide in all three samples collected from UVFS during the first 30 min 1560 
sampling period of the 1-yr rain event simulated by in-ground irrigation (Fig. 27) 1561 
suggests that the UVFS did not prevent the runoff water and associated pesticides from 1562 
reaching the bottom of the plot during this rain event. During the 1-yr rain event 1563 
simulated by the in-ground irrigation, the succession and turfgrass VFS had  greater 1564 
impacts on reducing runoff than the mixture VFS. The succession and turfgrass VFS, 1565 
along with two of the three mixture VFS, appear to have stopped the runon water from 1566 
reaching the bottom of the plot during the first 30 min of the runoff experiment. 1567 
Bromide was detected in the runoff from all UVFS during the 1- and 5-yr 1568 
overhead rain events (Fig. 28 and 29), confirming runon water and pesticides made it to 1569 
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the bottom of the UVFS. Only low levels of bromide were detected intermittently from a 1570 
few succession and mixture VFS but never from turfgrass VFS. This finding suggests that 1571 
turfgrass is most capable of increasing infiltration rate and preventing runon water and 1572 
pesticides from leaving the plot as runoff.  1573 
 1574 
E. Concentration of Pesticides in Runoff Water. 1575 
All of the tested pesticides applied in runon water were detected in runoff from 1576 
every UVFS during both the 1- and 5-yr events, confirming the bromide data that runoff 1577 
water containing pesticides made it to the bottom of the plot. Lower amounts of pesticide 1578 
were detected in runoff from succession (0.09 and 0.06 % of applied pesticides during the 1579 
1- and 5-yr events, respectively) (Table 25) and mixture (0.007 and 0.04 % of applied 1580 
pesticides during the 1- and 5-yr events, respectively) VFS versus the UVFS (15.05 and 1581 
25.39 % of applied pesticides during the 1- and 5-yr events, respectively), suggesting 1582 
these treatments were able to lower the amount of pesticides leaving the VFS. No 1583 
pesticides were detected in the runoff from turfgrass under any scenario, which is 1584 
consistent with the bromide finding that no runoff water reached the bottom of the 1585 
turfgrass VFS during either rain event. 1586 
There was a significant positive correlation (p < 0.05, r = 0.99, n = 4, p = 0.01) 1587 
between the volume of runoff and the percent of total applied pesticides detected in 1588 
runoff water for all four treatments during the 1-yr event (Fig. 35). When examined 1589 
similarly, there was also a significant positive correlation (p < 0.05, r = 0.97, n = 4, p = 1590 
0.03) during the 5-yr event. During both events, increases in runoff volume were 1591 
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associated with increases in percent of total applied pesticides detected in the runoff 1592 
water. 1593 
There were significant correlations (p < 0.05) between runoff volume and the sum 1594 
of the percent of the total individual pesticide applied for all collection periods for every 1595 
pesticide detected during both the 1- and 5-yr events (Table 26). High volumes of runoff 1596 
from the UVFS correlated with the highest level of pesticide contamination. There was 1597 
no significant relationship (p > 0.05) between runoff volume collected during each 1598 
collection period and total percent of applied pesticide detected during each collection 1599 
period for any of the five tested pesticides from the UVFS (Table 27).  1600 
The mechanism for pesticide trapping has historically been assumed to be a 1601 
function of Koc (Sabbagh et al., 2009). Compounds with high Koc and Kow would be 1602 
expected to partition out of the water and sorb to soil particles. Capel et al. (2001) found 1603 
that chemicals, which sorbed strongly to soil particles tended to leave the field associated 1604 
with particles whereas chemicals that were weakly sorbed tended to leave the field in the 1605 
aqueous phase. Substantial data on this issue clearly indicate that the retention of 1606 
chemicals sorbed to sediment (soil particles) by VFS is greater than that of those soluble 1607 
in water. Thus, the retention of strongly sorbed herbicides, which were transported 1608 
primarily by sediment, was greater by VFS than the moderately sorbed herbicides, which 1609 
were transported primarily in the dissolved aqueous phase of surface runoff (Krutz et al., 1610 
2005). Most researchers agree that filter strips trap highly sorbed pesticides in the same 1611 
manner that they trap sediment (Sabbagh et al., 2009). Decreasing the flow volume and 1612 
velocity translates into sediment deposition in the vegetative filter as a result of decreased 1613 
transport capacity (Munoz-Carpena et al., 1999). If the runoff water is moving fast 1614 
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enough, soil particles may flow with the water phase. As the momentum decreases, soil 1615 
particles and associated pesticides would sediment out.  1616 
During the 1-yr rain event there was a strong correlation between percent of 1617 
applied pesticide detected in runoff from UVFS treatments and Koc and Kow. The 1618 
pesticides detected at the highest concentrations (pendimethalin: 33.82 and chlorpyrifos: 1619 
24.36%) in runoff were also those with the highest Koc (pendimethalin: 24,300 and 1620 
chlorpyrifos: 9,930) (Table 1) and Kow (pendimethalin: 5.1 and chlorpyrifos: 4.7 logP). 1621 
Thus, the pesticides that had the higher percent of applied pesticide detected in runoff 1622 
likely were bound to sediment. Poletika et al. (2009) determined that soil-applied 1623 
chlorpyrifos tends to be transported in runoff primarily as sorbed resides attached to 1624 
eroded sediment. Runoff from UVFS contained sediment as evidenced by filtering the 1625 
runoff samples. 1626 
The average runoff volumes collected during the 5-yr (111.4 ± 25.7 L) rain event 1627 
were significantly higher than during the 1-yr rain event (32.5 ± 17.8 L) (Table 11).  The 1628 
runoff samples collected from the 5-yr event were murky with sediment and distinctly 1629 
more so that the 1-yr samples. As mentioned above, increased flow can lead to increased 1630 
runoff volumes, and increased sediment loads carried off the VFS. As more sediment 1631 
leaves the VFS, pesticides with high Koc or Kow are likely to be carried with it. The 1632 
amount of rainwater completely overwhelmed UVFS, particularly during the 5-yr rain 1633 
event, causing water to rip gullies and carry soil with it. The high levels of chlorpyrifos 1634 
and pendimethalin detected in the runoff suggest that they were carried in the sediment. 1635 
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Field studies have shown sediment trapping in VFS to be correlated with 1636 
increased sediment size and thus herbicides transported with finer sediments reached the 1637 
VFS outflow (Krutz et al., 2005). Unfortunately, we only saved sediment from UVFS 1638 
samples rebottled in the laboratory. The sediment retrieved during the rebottling process 1639 
was reserved for further laboratory analysis. It will be interesting to see if pesticides are 1640 
found sorbed to the sediment.  1641 
Imidacloprid had the lowest Koc (132 – 310) and Kow (0.57 logP) (Table 1) and 1642 
would be expected to partition into water, however, it also had the lowest sum of the 1643 
percent of total applied imidacloprid detected in the runoff during both the 1- and 5-yr 1644 
rain events (1.65 and 1.24 %, respectively) (Tables 16 and 20). The imidacloprid that was 1645 
not contained in the runoff likely infiltrated the soil and became incorporated in the soil 1646 
pore water or sorbed to the thatch. Krutz et al. (2005) noted variables that increase the 1647 
infiltration capacity of the VFS, such as lowering of soil moisture by uptake of water by 1648 
plants, and vegetation slowing the rate of runoff, allowing more time for the runoff to 1649 
seep into the ground, are assumed to increase the retention of moderately sorbed 1650 
herbicides. This finding could explain why imidacloprid was found in the runoff from 1651 
unvegetated VFS but not from vegetated treatments. 1652 
Due to the low detection levels from succession, mixture and turfgrass VFS 1653 
correlations between percent of applied pesticide and chemical properties could not be 1654 
calculated. 1655 
 1656 
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F. Concentration of Pesticides in Soil Pore Water. 1657 
The retention of pesticides, particularly moderately sorbed compounds, by VFS is 1658 
intimately linked with the infiltration process and is a concern in that there is a potential 1659 
for the contamination of shallow ground water (Krutz et al., 2005). Moderately sorbed 1660 
compounds have low Kow and Koc but high water solubility, and can thus readily mix with 1661 
runon water. In some hydrological settings, infiltrated water and chemical contaminants 1662 
can enter the shallow ground water system and reach adjacent rivers and streams through 1663 
ground water flow (Munoz-Carpena et al., 2010). Imidacloprid, with a high water 1664 
solubility of 6,000,000 mg/L (Table 1), would readily associate with water and be able to 1665 
penetrate soil via infiltration. Thus, it is important that imidacloprid was not found in 1666 
shallow lysimeters. No detection of imidacloprid in shallow lysimeters means 1667 
imidacloprid did not reach levels where contamination of groundwater would become a 1668 
concern.  1669 
As demonstrated above (Table 4), the plants lowered the field capacity of the VFS 1670 
by up-taking water, increasing infiltration. Due to its high water solubility, imidacloprid 1671 
would have been likely taken up by the plants in the runoff water that infiltrated into the 1672 
soil. Imidacloprid has been demonstrated to have excellent xylem mobility and negligible 1673 
phloem mobility so the highest imidacloprid concentrations would be expected occur in 1674 
the older leaf parts of the plants (Sur and Stork, 2003).  1675 
Imidacloprid was detected in runoff water at the lowest amount during both the 1- 1676 
and 5-yr rain events (1.65 and 1.24 %, respectively) (Tables 16 and 20). The bromide 1677 
data showed that the runon water made it to the end of the UVFS, but the plot retained 1678 
98.3 and 98.8 % of applied imidacloprid during the 1- and 5-yr events, respectively. This 1679 
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finding suggests that the majority of imidacloprid was retained by the VFS by either 1680 
being taken up by the plants or sorbed to the vegetation, thatch and/or soil surfaces. The 1681 
most controversial aspect of herbicide retention by VFS is adsorption to grass thatch and 1682 
soil surfaces (Krutz et al., 2003). Thatch samples were collected from turfgrass VFS, but 1683 
have not been analyzed. 1684 
  1685 
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CHAPTER 5 1686 
CONCLUSIONS 1687 
 The overhead simulated-rainfall system accurately simulated a 1-yr rain event, but 1688 
produced too much rain for the 5-yr rain event (Fig. 11). The difference between the two 1689 
events was great enough for them to be considered two separate events. 1690 
 During the 1-yr rain event, the UVFS were at 100 % field capacity (FC) while the 1691 
vegetated treatments were on average at 82.1 % FC, suggesting that the that transpiration 1692 
rates of the vegetation in the vegetated VFS were able to overcome in the infiltration 1693 
rates and lower the FC. During the 5-yr event, the UVFS were lower than FC (83.2 %), 1694 
suggesting that the water was flowing too fast over the soil surface, lowering infiltration. 1695 
The avareage FC (90.9%) for all vegetated VFS during the 5-yr rain event were higher 1696 
when compared to UVFS, suggesting that they were able to slow the flow of runon on 1697 
water and rain, increasing infiltration. During the 1-yr rain event, the succession VFS 1698 
lowered the FC (75 % FC) more than either mixture or turfgrass VFS (85.7 % FC). The 1699 
mixture and turfgrass VFS were likely able to slow the flow of runoff water, increasing 1700 
infiltration, more effectively than the succession VFS during the 1-yr rain event. The 1701 
turfgrass VFS lowered the FC (85.7 % FC) more than either the succession (91.7 % FC) 1702 
or mixture (95.2 % FC) VFS, suggesting that the turfgrass VFS was more able to 1703 
attenuate the applied water than the succession and mixture plots during the 5-yr rain 1704 
event. The turfgrass plot likely worked best because they were both able to slow the flow 1705 
of runoff water due to its high shoot density increasing infiltration, and the high 1706 
transpiration rate of the turfgrass was able to lower the FC to a greater extent than the 1707 
vegetated treatments.  1708 
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 During the 1-yr rain event simulated using the overhead simulated-rainfall 1709 
system, 390.5 L of runoff water was collected from the runon plot,103.5 L for the UVFS 1710 
versus 8.8 L for the vegetated VFS. There was a significant difference [t(10) = 6.29, p < 1711 
0.001] in the volumes of runoff generated from vegetated versus UVFS (Fig. 15). This 1712 
result confirms the field capacity data that suggested vegetation helped increase 1713 
infiltration. The increased infiltration decreased runoff volumes. The vegetated 1714 
treatments retained 97.4 % of applied water versus 69.6 % for UVFS (Fig. 16). 1715 
 During the 5-yr event, 1336.8 L of runoff water was collected from the runon 1716 
plot, 297.0 L from UVFS versus 49.5 L from vegetated VFS. There was a significant 1717 
difference [p < 0.05, t(9) = 7.75, p < 0.0001] in the volumes of runoff water generated 1718 
from the vegetated versus UVFS in the 5-yr event as well (Fig. 19).  As with the 1-yr 1719 
event, the increased infiltration due to vegetation decreased runoff volumes. The 1720 
vegetated treatments retained 92.7 % of applied water versus 56.4 % for the UVFS (Fig 1721 
20). 1722 
 The average runoff volumes were significantly higher [p < 0.05, t(11) = 2.20, p = 1723 
0.007] during the 5-yr rain event (111.4 L) than they were during the 1-yr event (32.5 L) 1724 
(Table 11). There was a 2.4-fold increase in the amount of runoff water collected during 1725 
the 5-yr rain event, suggesting the VFS were better able to retain runon and rain water 1726 
during the 1-yr event than the 5-yr event. 1727 
 There was a significant difference [p < 0.05, t(11) = 2.55, p = 0.03] in the average 1728 
total applied water retained by the VFS during the 1- and 5-yr rain events (Fig. 22). 1729 
During the 1-yr rain event, 90.4 % of water was retained by the VFS, while only 83.6 % 1730 
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of water was retained during the 5-yr event, a 0.07-fold reduction. This finding suggests 1731 
that the VFS were more effectively able to mitigate the runoff water during the 1-yr event 1732 
than the 5-yr event. The VFS were able to increase infiltration and reduce the amount of 1733 
runoff water leaving the plot during both the 1- and 5-yr events, but these findings 1734 
suggest that as a storm becomes more severe, VFS will be less able to accommodate the 1735 
incoming water. 1736 
 There was a high correlation (p < 0.05, r = 0.998, n = 3, p = 0.04) between rainfall 1737 
amount and runoff volume, suggesting that most of the variation in runoff volumes can 1738 
be explained by the rainfall amount of respective rain storm events (Fig. 24). The 1-yr 1739 
rain event generated by in-ground irrigation produced the smallest rainfall amount (3.76 1740 
mm) and the smallest runoff volume (91.9 L), whereas the 5-yr rain event had the largest 1741 
amount of rainfall (10.65 mm) and largest volume of runoff water (1336.82 L) (Table 1742 
14). As above, this suggests that as the amount of rain produced by a storm event 1743 
increases, the VFS becomes inundated with water, both from rain and runon. When the 1744 
infiltration rate overcomes the transpiration rate of the VFS and FC is reached, the VFS 1745 
can no longer infiltrate water causing it to runoff. Thus, as the rainfall amount increases, 1746 
the runoff volume increases as well. 1747 
 There was no significant correlation (p > 0.05, r = - 0.96, n = 3, p = 0.17) between 1748 
the amount of rainfall applied and the percent of applied water retained by VFS (Fig. 25). 1749 
There was little variation in the percent of applied water retained by the VFS among the 1750 
three vegetated treatments being compared, due to the high retention rates of the 1751 
vegetated VFS so no correlation was found. 1752 
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 Bromide was detected from all three UVFS during both the 1- and 5-yr rain 1753 
events, confirming that runon water made it to the end of the VFS. Low levels of bromide 1754 
were detected intermittently from succession and mixture VFS, but not from any of the 1755 
turfgrass VFS, suggesting that turfgrass VFS more effectively mitigated runoff water than 1756 
succession and mixture VFS. 1757 
 All five of the applied pesticides were detected in the runoff water from UVFS 1758 
during 1- and 5-yr rain events (Fig. 30). Chlorpyrifos was not detected in the runoff from 1759 
vegetated VFS during either event, but low levels of chlorothalonil, imidacloprid and 1760 
pendimethalin were detected intermittently. Propiconazole was detected at low levels 1761 
during the 5-yr event but not detected during the 1-yr event. No pesticides were detected 1762 
from any of the turfgrass VFS during either the 1- or 5-yr events. This finding suggests 1763 
that turfgrass VFS was best able to retain pesticides than either the UVFS or either of the 1764 
other two vegetated treatments. 1765 
 There was a strong correlation (p < 0.05, r = 0.99, n = 4, p = 0.01) between runoff 1766 
volume and the % of total applied pesticide detected in runoff from VFS treatments 1767 
during the 1-yr event. Increases in runoff volume were associated with increases in % of 1768 
total applied pesticides detected in runoff. There was similarly a strong correlation during 1769 
the 5-yr event (p < 0.05, r = 0.97, n = 4, p = 0.03) (Fig. 35). UVFS had the highest 1770 
volume of runoff and the highest percent of applied pesticides detected for both the 1- 1771 
and 5-yr events. Turfgrass had the smallest amount of runoff water in both the 1- and 5-yr 1772 
events and no detectable levels of pesticides. These data, again, suggest that turfgrass 1773 
VFS were best able to retain runoff water and associated pesticides than either the UVFS 1774 
or the other two vegetated VFS during both rain events. 1775 
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 During the 1-yr rain event, there were significant correlations between % of total 1776 
applied pesticide detected in runoff from UVFS and Kow [p < 0.05, ρ = 1, df = 3, p << 1777 
0.001] and Koc [p < 0.05, ρ = 0.9, df = 3, p = 0.03] of the respective test pesticide. The 1778 
pesticides detected at the highest concentrations (pendimethalin: 33.82 and chlorpyrifos: 1779 
24.36%) in runoff were also those with the highest Koc (pendimethalin: 24,300 and 1780 
chlorpyrifos: 9,930) (Table 1) and Kow (pendimethalin: 5.1 and chlorpyrifos: 4.7 logP). 1781 
This finding suggests that they were likely carried off the VFS sorbed to sediment. Due to 1782 
low levels of pesticides detected from vegetated VFS, comparisons of % of total applied 1783 
pesticide and chemical properties could not be made. 1784 
 Overall, vegetated treatments were significantly able to increase infiltration, 1785 
increasing the amount of runon and rain water retained by the VFS and decreasing the 1786 
amount of runoff and associated pesticides. The bromide and pesticide data confirm that 1787 
turfgrass was more able to reduce the volume of runoff water than succession or mixture 1788 
VFS. Our research shows that turfgrass VFS most effectively reduced the amount of  1789 
runoff water and associated pesticides.  1790 
 1791 
  1792 
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